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It is indeed an honor to have been 
invited by Dr. Cowdry and the Board 
of the Barnard Free Skin and Cancer 
Hospital to give the second Barnard 
Hospital Lecture, particularly because 
St. Louis is one of the oldest and most 
important centers of experimental and 
clinical cancer research in the country. 

Since I am a laboratory worker, it was 
with some misgiving that I agreed to speak 
to you on the possibilities of improved 
therapy for cancer patients. However, I 
shall deal mainly with fundamental prin- 
ciples of therapy, and these are essen- 
tially the same, whether they arise in the 
clinic or in the experimental laboratory. 
It is my aim to discuss, briefly and as 
objectively as possible, various points 
which to my mind may lead to improve- 
ments in cancer therapy. These may be 
grouped into two broad classes: first, 
the more widespread application of 
known methods and their improvements; 
and, second, the development of new 
methods. 


1 Barnard Hospital Lecture read before the St. Louis 
Medical Society, November 19, 1940. Reprinted with 
permission from the Editor of the Journal of the 
American Medical Association. 
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PROFESSIONAL AND LAY 
EDUCATION 

Cancer, both from the etiologic and the 
therapeutic standpoint, is a unique disease, 
or rather, as I never neglect to stress, a 
group of distinct diseases with a few com- 
mon _ characteristics. One may almost 
go so far as to state that the malignant 
transformation of each type of body cell 
endows the resulting neoplasm with its 
own peculiar biological character. This 
and other facts account for the great 
diversity and intricacies of present tech- 
niques of treatment. It is not surprising, 
therefore, that cancer therapy has become 
more and more a specialty, the mastery 
of which requires years of experience. 

There is also the curious paradox that 
in spite of the high total cancer mortality, 
i. e., 150,000 deaths in 1938 for the country 
as a whole, the average practicing physi- 
cian sees only very few cancer patients 
each year. Hence, the need for an ade- 
quate number of physicians and surgeons 
experienced in the diagnosis and treatment 
of the. various types of cancer is quite 
obvious. In order to assist in supplying 
this need the National Cancer Institute 
during the last 2 years has given 44 care- 
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fully selected physicians and surgeons 
“traineeships” in cancer clinics at Gov- 
ernment expense for a period of 1 or more 
years. It is to such training centers as 
your Barnard Hospital that these trainees 
are sent with the understanding that they 
will practice what they have learned on 
completing their period of study. But, as 
you readily see, this relatively small num- 
ber of trained men will not supply the 
urgent need. It is, therefore, encouraging 
that many medical schools are becoming 
more “cancer conscious” and are improv- 
ing the training of students in the principles 
of cancer diagnosis and treatment. 

Another point I wish to make is the need 
for readily accessible diagnostic and treat- 
ment centers throughout the country. 
The American College of Surgeons has 
approved 345 hospitals which meet the 
prescribed standards. Eight States have 
no approved clinics. This means, of 
course, that cancer patients in such areas 
either do not get proper attention or have 
to travel long distances at considerable 
expense. 

Improvement in the treatment of cancer 
should begin with a more widespread 
education of the public concerning the 
early symptoms of the disease. This is 
being carried out by official and private 
agencies. Ina recent paper (7), McDow- 
ell, of the United States Public Health 
Service, gives the results of a survey in the 
Pittsburgh area on the incidence of cancer 
on the basis of case records and death 
certificates for the year 1937, including 
6,103 cases Fifty-nine percent of fatal 
cases had been diagnosed as malignant 
less than 6 months before death, and 80 
percent of them less than a year. Since 
it is almost axiomatic that the probability 
of cure of most types of cancer increases 
with early diagnosis, it is obvious from this 
illustration that much remains to be done 
in the way of lay education, especially in 


view of the fact that 6 approved cancer 
clinics are located in the Pittsburgh area. 


DIAGNOSTIC METHODS 


It is also quite obvious that there is 
great need for improvement of diagnostic 
methods for internal cancer. The intro- 
duction and development of the roent- 
genological method during this century 
has revolutionized the diagnosis of can- 
cer, but it must be admitted that many 
kinds of early neoplasms escape detection 
by this method. In this connection it is 
of interest to call attention to the possi- 
bilities of the gastroscope as a new tool 
for the diagnosis of gastric cancer. This 
was Clearly brought out during the recent 
conference on gastric cancer. Brief men- 
tion should also be made of the various 
serological tests which have been pro- 
posed in the past. At this time it seems 
improbable that complement-fixation and 
precipitation tests will be of practical 
value. For one reason it is very difficult 
to prepare sufficiently specific antigens 
from different kinds of cancerous tissues. 
Freund and Kaminer developed a cyto- 
logical test on the principle that normal 
serum will cytolyse cancer cells while 
cancer serum will not. Other workers 
have failed to demonstrate the usefulness 
of this test. The tests devised by Fuchs 
and Abderhalden are based on the as- 
sumption that proteolytic enzymes of 
cancerous tissues are released into the 
blood and can be demonstrated by chem- 
ical methods. A limited experience with 
these tests indicates that they are fairly 
reliable in advanced cases, where other 
methods are better, but fail in the diag- 
nosis of early cancer. However, it is 
within the realm of reason that future 
systematic work on the enzymes of can- 
cerous tissues may furnish the basis for 
diagnostic tests of certain specific neo- 
plasms. The occurrence of prolan in the 
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urine with enlargement of the testicle 
without discernible cause is of consider- 
able value in the diagnosis of teratoma, 
although the earlier reports have not been 
fully confirmed by more recent work. 
Encouraging progress is being made in the 
use of serum phosphatase in the diagnosis 
of bone tumors. 

Much would be gained by more reliable 
information concerning so-called precan- 
cerous lesions. As an illustration, I again 
refer to the gastric cancer conference. It 
was brought out very clearly that much 
further work must be done to conclusively 
prove that chronic atrophic gastritis, poly- 
posis, and possibly peptic ulcer predispose 
to gastric cancer. Clarification of this 
problem would undoubtedly result in 
earlier diagnosis and therefore a_ better 
chance for cure of this highly fatal disease. 
Progress in this field will come not only 
from clinical studies but also, I believe, by 
work on properly chosen animals as closely 
related to man as possible, as for instance 
dogs. 


ROENTGEN AND RADIUM 
THERAPY 


We may now pass over to a consideration 
of improvements in present therapeutic 
methods. It is not necessary to point out 
the tremendous development of surgical 
and radiological methods, each having its 
usefulnes§ in the treatment of different 
types of neoplasms. Concerning radiation 
therapy Coutard, in 1937, wrote as follows: 
“Rich only in hope, possessing only in- 
complete information, incapable of offering 
precise techniques adapted to diverse types 
of cancer, radiotherapy has, however, 
obtained definite cures in cases incurable 
by surgery.” This statement comes from 
a leader in this field and represents prob- 
ably an understatement of the value of 
radiotherapy; it is evident, nevertheless, 
that there is an urgent need for more pre- 


cise knowledge on the biological action of 
X-rays and radium on tumors, and normal 
cells, and normal tissues. 

You are aware that the physics of ordi- 
nary X-rays and gamma rays of radium 
is well understood. These electromagnetic 
radiations represent energy of short wave- 
length traveling at fast speed comparable 
with that of visible light. When these 
radiations act on the atoms of gases they 
produce different effects, according to the 
wavelength used. A simplified presenta- 
tion of an atom shows that it is composed 
of a nucleus and the surrounding electrons 
arranged in orbits. In one case, an elec- 
tron may be ejected from an inner shell of 
the atom, and in addition the electron may 
be given a varying degree of kinetic energy. 
In another case, absorption of the energy 
may not only remove an electron from an 
orbit, but a portion of the energy may be 
transformed into radiation of lower energy. 
This is known as the Compton effect. 

Now let us consider for a moment what. 
may happen when these high-energy radia- 
tions instead of acting on simple gases are 
allowed to act on biological material, 
whether free-living cells or highly organ- 
ized tissues. First, it is well to bear in 
mind that any mammalian cell represents 
an enormously complex physico-chemical 
system made up of complex high molecular 
material as proteins, lipids, carbohydrates, 
enzymes, and many other substances, all of 
which are arranged in a definite spatial 
pattern suitable for biological function. 
It is at once evident that the chemical 
changes induced in cells by X-rays and 
gamma rays may be infinite in numbers, 
yet it is reasonable to assume that they are 
not of equal biological significance. In 
other words, it is possible that the cell 
response to radiation may be more or less 
selective in a biochemical sense. The best 
support for this assumption comes from the 
artificial production cf mutations by means 
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of X-rays. And some geneticists believe 
that the nucleoproteins of chromosomes 
may be specifically involved in the muta- 
tion process. This does not mean that the 
radiation effect is confined to nucleo- 
proteins, as it is quite conceivable that 
highly important cellular enzymes may be 
destroyed. At all events this important 
field has not been sufficiently explored to 
furnish an adequate answer for the bio- 
chemical mechanism responsible for the 
biological action of these radiations. On 
the other hand, there is a considerable 
body of evidence furnished by clinical 
observation and laboratory experimenta- 
tion concerning the histological, cytologi- 
cal, and functional changes induced in 
living material. Since you are familiar 
with the clinical results I wish to refer to 
some experimental work by Dr. Henshaw 
(2, 3) of the National Cancer Institute. 
He exposed unfertilized sea urchin eggs to 
measured doses of X-rays and found that 
on subsequent insemination the first cell 
cleavage was much delayed as compared 
with that of nonirradiated eggs. Increased 
dosage increased the delay in first cleavage. 
If the dosage was kept constant, but the 
time between irradiation of the unfertilized 
egg and insemination was increased, the 
delay in cleavage decreased. This clearly 
indicates that within limits the egg recovers 
from the effects of irradiation. Further 
studies by Henshaw showed that irradia- 
tion of sperm before fertilization induced 
not only delay in cell division but also 
multipolar cleavage and disturbances in 
phase relationship of mitosis in the 
blastomeres. 

When we consider the past work done 
on radiotherapy of malignant animal 
tumors it is at once apparent that the situ- 
tion is far more complex than in the case 
of free-living cells. The studies of Cramer 
(4), Mottram (5), Sugiura (6), and others 
indicate that the regression of a malignant 


tumor is initiated in part by a damage to 
the malignant cells which in turn elicits a 
process of repair beginning with an inva- 
sion of the tumor by macrophages. The 
transformation of these macrophages into 
fibroblasts then gradually leads to the 
formation of connective tissue replacing 
the malignant cells. Crabtree and Cramer 
found that in the absence of oxygen 
malignant cells appear to become more 
radio-resistant. This is of importance in 
case cancer cells as a result of treatment 
are enclosed in a relatively avascular 
fibrous tissue, thus interfering with their 
complete eradication by radiotherapy. 
Cramer’s results, furthermore, suggest that 
the period of recovery of the carcinoma 
cells from smail doses is surprisingly long, 
and apparently longer than the recovery 
period of many of the stroma cells. In 
1930 Regaud and Ferroux (7) reported 
observations indicating a rapid recovery 
of the blood vessels of the skin from smail 
doses. A year later Eidinow and Mot- 
tram (8) confirmed these results in work 
on the skin of rats, and Juul obtained 
similar results on mice. All these and 
other findings led to the now well-known 
fractional-dose technique. The principle 
of this method consists in the repeated 
application of relatively small doses in 
order to prevent any cumulative action 
on the normal tissues without losing the 
cumulating effect on the tumor cells. 

This method receives further support 
from the comprehensive animal experi- 
ments of Murphy (9) on the function of 
lymphoid tissue. Large doses of X-rays 
cause an extraordinary depletion of lym- 
phocytes followed by a more or less slow 
recovery. The depressed function of the 
lymphoid tissue seems to be correlated 
with a decreased resistance of the animal 
to the growth of tumors. 

There is general agreement indicating 
that animal tumors irradiated in vitro 


2 
3 


IMPROVED THERAPY FOR CANCER PATIENTS 589 


require almost twice the dose of X-rays to 
kill the cancer cells (shown by failure of 
producing tumors on transplantation into 
animals), as compared with the dose 
which is sufficient to cause regression of 
the same tumors within the animal. 

Clinical experience has shown that the 
dosage has to be increased with increasing 
differentiation of the treated neoplasm. 
Another curious and as yet unexplained 
observation is the definite periodicity of 
the maximal radiation effect. This differs 
for different tissues. For the skin it reap- 
pears every 26 to 28 days, the same as the 
menstrual cycle; for the mucosa, it is half 
that time (Coutard (70)). 

To sum up, it can be stated that present 
X-ray and radium therapy is the result of 
a vast amount of more or less empirical 
clinical experimentation supplemented by 
data secured by animal experimentation. 
It is quite evident, however, that we are 
very far from an adequate comprehension 
of the radiotherapeutic process. There is 
still no explanation for the apparent vast 
differences in radiosensitivity of the vari- 
ous normal and cancer cells. No concrete 
proof is available for the assumption that 
a given type of cancer cell is more radio- 
sensitive than the normal cell of origin. 
Much further information is needed on the 
nature of the important recovery process 
from the effects of sublethal dosage. 
There can be little doubt that a better 
understanding of these complex problems 
would furnish a better rationale for cancer 
radiotherapy. 

A subject which deserves mention con- 
cerns attempts to enhance the X-ray 
efficiency by adjunct therapy. Very little 
has been accomplished along this line. 
Preliminary observations on experimental 
tumors suggest that the intratumoral in- 
jection of sterile water increases the ef- 
fectiveness of X-rays. Similar claims have 
been made for the combination of heat 


and X-rays. I believe that perhaps the 
most daring and yet promising attempt 
would be to alter the tissue metabolism 
by changes in diet, or by the administra- 
tion of chemicals, in order to increase the 
radiosensitivity of the cancerous, relative 
to that of the normal tissues. Experi- 
mental work of this kind with tumor- 
bearing animals is now under considera- 
tion at our [nstitute. 


SUPERVOLTAGE X-Ray THERAPY 


We may now consider the possibilities of 
supervoltage X-ray therapy. The well- 
established fact that increase in the voltage 
of X-rays increases their penetrating 
power for tissues has led in recent years to 
the clinical use of X-rays of voltages from 
400.000 to 1 million and slightly over. 
Hope was entertained that these powerful 
rays might greatly improve cancer therapy. 
It appears now, however, that the results 
of supervoltage therapy have been more or 
less disappointing. The recent careful 
studies of Packard (77) have shown that 
relatively little is gained, as far as the 
ratio of depth to surface dose is concerned, 
by increasing the voltage from about 400 
to 900 kv. This is in agreement with the 
results obtained by Stone. In fact, Stone 
found the biological effect the same, if the 
same dose is delivered to the patient from 
opposite sides, the one side receiving 200- 
kv. X-rays and the other 1200-kv. rays. 
A few other investigators have made some- 
what more favorable reports. Neverthe- 
less, it appears at present that, while 
supervoltage X-rays may perhaps prove 
of value in the treatment of some deep- 
seated tumors, no great advance can 
reasonably be expected from this therapy. 


Rapio-WaveE THERAPY 


For the sake of completeness brief men- 
tion may now be made of the possibilities 
of using radio-wave therapy. More than 
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10 years ago it was found that radiation of 
long wavelength, i. e., a few meters, such 
as used in long-distance broadcasting, pro- 
duces severe physiological reactions. We 
(72) were among the first to show that the 
physiological effect was due to the produc- 
tion of heat within the irradiated living 
material. If experimental conditions were 
so arranged as to prevent an increase in 
temperature, no biological action was 
recognizable. Energy of this wavelength, 
acting upon normal or tumor tissue, in- 
creases the kinetic molecular energy and 
reveals itself as heat. The reason why this 
method has not proved useful is because 
malignant cells do not differ sufficiently 
from normal cells in regard to the critical 
temperature which causes their death. 


NEUTRON THERAPY 


From time to time developments in the 
fundamental sciences have their profound 
repercussions on the cancer problem. The 
discovery of radium, for example, made 
possible the amazing revolution in nuclear 
physics which began some 20 years ago. 
In this short time the age-old alchemist’s 
dream of the transmutation of the chemical 
elements has been materialized, and the 
so-called indivisible atom has been smashed 
into atomic particles, some of which are 
now being studied with regard to their 
possible value in the treatment of cancer. 

It seems pertinent to introduce this 
subject by a consideration of the structure 
of the atom. The hydrogen atom is com- 
posed of the centrally located nucleus called 
proton, which has a positive electric charge 
and represents by far the largest mass of 
the hydrogen atom. In an outer orbit is 
located the negatively charged electron. 
The more recently discovered heavy hydro- 
gen atom, called deuterium, is twice as 
heavy as ordinary hydrogen, because it has 
in its nucleus in addition to one proton, 
one neutron, a particle which is electrically 


neutral. The structure of the helium atom 
shows that its nucleus is composed of 2 
protons and 2 neutrons, giving the atomic 
weight 4, and 2 negative electrons. It is 
evident that the heavier an atom is, the 
more complex is its structure. The heavy 
uranium, for instance, has 92 protons and 
146 neutrons in its nucleus, besides 92 
outer negative electrons. 

The most powerful tool for the disinte- 
gration of atoms is the magnetic resonance 
accelerator (fig. 1), or cyclotron, developed 
by Lawrence and his coworkers. The 
cyclotron produces atomic particles of 
tremendous speed, which, when directed 
on chemical targets, cause the production 
of high-speed neutron rays or of artificial 
radioactive elements. The machine per- 
mits many successive accelerations of par- 
ticles. For example, by giving a particle 
a hundred accelerations of 50 kv. each, par- 
ticles of 5 million volts are obtained. The 
cyclotron consists of a powerful electro- 
magnet, between the poles of which is 
placed a vacuum chamber containing two 
flat, hollow electrodes (fig. 2) connected 
with a radiofrequency oscillator. If the 
vacuum chamber contains hydrogen at 
low pressure, the proton P is whirled around 
gaining in speed each time it passes from 
one electrode to the other until it is finally 
discharged through the window W, as a 
beam of high-speed protons. Similarly, 
a beam consisting of high-speed deuterons 
is obtained if the vacuum chamber con- 
tains heavy hydrogen, called deuterium. 
Deuterons are nuclei consisting of one 
proton and one neutron. Through the 
courtesy of Dr. Cooksey, I am able to show 
a deuteron beam emerging from the Cali- 
fornia cyclotron, which was obtained by 
colored photography. When such a deu- 
teron beam strikes a target of beryllium, 
gamma rays and neutrons are produced. 
By filtering out the gamma rays by lead, a 
nearly pure high speed neutron beam is 
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Ficure 1.—200-ton cyclotron of the University of California. Reproduced with permission of Science 


Service. 


obtained. Neutrons produce ionization, 
as do gamma rays and X-rays. I show you 
here photographs of Wilson cloud cham- 
bers, which demonstrate that neutrons 
produce much more concentrated ioniza- 
tion tracks than X-rays or gamma rays. 
Whether the characteristic ionization by 
neutrons seen in gases will also elicit 
specific biological effects on tumors and 
normal tissues remains to be determined. 
It has been established that neutrons react 
very strongly with organic material rich 
in hydrogen, in contradistinction to short 
X-rays. However, it happens that most 
organic constituents of tissues are relatively 
rich in hydrogen and, therefore, a selective 
chemical effect frcm neutrons is not so 
easily to be expected. At all events, the 
work of the Radiation Laboratory of the 
University of California, which is being 
supported by grants-in-aid from the Na- 


tional Cancer Institute, has shown that 
fast neutrons have a high penetrating 
power in human and animal tissues, quite 
adequate for deep therapy. The California 
studies and the similar projected studies of 
the Mallinckrodt Radiological Institute, 
which also have received financial support 
from the Public Health Service, will in 
time assess the value of this novel cancer 
therapy. 

A useful unit for measuring neutrons 
is called the n unit. It is the exposure of 
neutrons that will cause in the Victoreen 
X-ray r meter the same reading as an 
exposure of 1 r of X-rays. Preliminary 
work suggests that the biological effect of 
1 n on the skin is equivalent to that of 10 r 
of X-rays. 

A few remarks may now be made on 
the interesting suggestion by Kruger (73) 
of using slow neutrons for cancer therapy. 
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Such neutrons pass through body tissues 
without the production of energetic recoil 
protons, and little or no tissue damage is 
done. If, however, the tissue is injected 
with boron or lithium the slow neutrons 
are captured by these elements with the 
release of very energetic atomic particles. 
These cause the localized destruction of the 
injected tissue. Zahl, Cooper, and Dun- 
ning (/4) have just reported experiments 
showing that the injection of simple forms 
of boron or lithium into the transplanted 
mouse sarcoma 180, followed by irradia- 
tion of the whole mouse with slow neutrons, 
causes a significant increase in tumor re- 
gression. It is doubtful that in its present 
form this therapy will prove of considerable 
value. However, should it be possible to 
discover neutron-capturing and relatively 
nontoxic compounds which, administered, 
would be selectively absorbed by certain 
malignant tumors, then slow neutron 
therapy might well yield results of prac- 
tical value. The discovery of suitable 
chemicals is unquestionably a major 
undertaking for which there is, as yet, no 
theoretical basis. 
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ARTIFICIAL RADIOACTIVE 
CHEMICALS 

Another new approach to cancer ther- 
apy opened up by the development of the 
cyclotron is the possibility of the usefulness 
of artificially produced radioactive chem- 
icals. The California radiation labora- 
tory has taken the lead in this new line 
of investigation. Repeated intravenous 
injections of radiophosphorus into pa- 
tients with leukemia have brought about 
long-lasting remissions in the disease, but 
it is too early to state whether this therapy 
is better than the customary treatment 
with X-rays. The theoretical foundation 
on which this new therapy is based is the 
fact that artificial radioactive elements 
are unstable and emit electrons or beta 
rays just as do radium and other natural 
radioactive chemicals. The radioactivity 
of the artificial radioactive chemicals is 
measured by the “half life,” that is to 
say, the time required for half of the 
radioactivity to be emitted. The follow- 
ing tabulation shows the half life of a 
number of chemical elements. The last 
of these is radioiodine which has a half 
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Ficure 2.—Cross section of the vacuum chamber of cyclotron, containing two D-shaped electrodes, 
A and B. 
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life of 8 days and which emits gamma 
rays. 


Chemical elements: Half life 


This can be used for illustrating another 
principle for a new approach to therapy. 
It is well known that thyroid tissue stores 
by far the greatest portion of the iodine 
of the body, and recent work by Hamilton 
and Soley has demonstrated the same for 
radioactive iodine (I'*'), The question 
was raised, therefore, whether it is not 
possible to treat primary and metastatic 
malignant tumors of the thyroid by the 
administration of radioiodine. Unfortu- 
nately, the above-mentioned workers 
found that the cancerous thyroid tissues 
so far tested lacked the ability to accu- 
mulate radioiodine. Nevertheless, further 
endeavors based on this principle may well 
be repaid, not in anticipation of a cure-all 
for cancer, but perhaps for the discovery 
of a treatment of certain specific neoplasms. 


PROTECTION AGAINST HIGH- 
ENERGY RADIATIONS 


Before leaving the consideration of 
X-rays, gamma, and neutron rays, it is 
timely to call attention to a very practical 
topic, namely, the need for protection of 
clinical and laboratory personnel against 
these powerful physical agents. In the 
limited time it is not possible to discuss 
this subject as fully as its importance 
merits. First, let me say that it is per- 
fectly feasible with relatively little financial 
expense to have the physical equipment 
and the operating methods so arranged 
as to reduce exposure to radium and 
X-rays to or below the present accepted 
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maximum safe daily dose of 0.1 of 1 r. 

The National Cancer Institute has 
loaned radium to some 48 clinics for cancer 
therapy. We naturally have a responsi- 
bility to insure that this radium does not 
cause health hazards to the personnel 
using it. A recent survey of such clinics 
by Dr. Scheele and Mr. Cowie has clearly 
revealed good conditions in many places, 
whereas, in an appreciable percentage of 
clinics, some of the personnel are exposed 
to an unsuspected high-radiation inten- 
sity. This not only applies to exposure 
from radium, but also to exposure of per- 
sonnel to X-rays incident to diagnostic 
and therapeutic work. Without arousing 
unnecessary alarm, it is unquestionable 
that many physicians and dentists are not 
quite aware of the insidious nature of 
biological high-energy-radiation effects, 
and they would be surprised if they 
actually measured with a Victoreen cham- 
ber the radiation they receive for long 
periods of time. 

It is established that the biological 
effectiveness increases with increasing 
dosage. The possible production of cancer, 
leukemia, and sterility is generally recog- 
nized, so is also the danger of producing an 
abnormal child following irradiation of the 
embryo in utero. But what is regarded by 
many physicians as highly improbable is 
the possible hazards arising from irradia- 
tion of the ovary or testis with the con- 
sequent production of genetic changes in 
the first and subsequent generations. We 
can readily appreciate the difficulties of 
demonstrating such genetic effects in 
clinical material. On the other hand, this 
should not permit us arbitrarily to dispose 
of the very large body of evidence secured 
by geneticists on plants and animals. 
Demerec recently stated: 


In a very few branches of biological science, the 
fundamental principles are as applicable to all 
living organisms as they are in genetics. It is a 
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well-established fact that fundamental (genetic) 
principles discovered on plants hold for animals 
and vice versa. Man is no exception to that rule. 


Manv of the mutations, produced by 
either chromosome breaks or by elimina- 
tion of certain genes, are lethal and there- 
fore self-eliminating. The danger lies in 
the production of mutations injurious to 
subsequent generations and expressed in 
morphological (visible) or functional (in- 
visible) effects. I show here two photo- 
graphs made by Dr. Henshaw, illustrating 
the results obtained by exposing frog 
sperm to 200-kv. X-rays followed by 
fertilization of normal eggs by the irradi- 
ated sperm. It is evident that the early 
proliferation of the egg is quite normal 
despite very large doses of radiation. 
However, it is apparent that relatively 
very small doses cause extensive abnor- 
malities in differentiation, which increases 
in frequency and degree with increasing 
dose. The first effect is apparently a 
probability reaction, whereas the second 
appears to be a progressive change in each 
individual embryo. 

Experimental evidence also indicates 
that genetic changes induced by radiation 
are proportional to the dosage used, and 
this undoubtedly differs in different species. 
In view of the importance of this whole 
question, the National Cancer Institute is 
conducting a comprehensive investigation 
with the advice of such leading geneticists 
as Muller and Demerec. In all events it is 
not only advisable but perfectly practical 
with little trouble (1) to prevent the 
exposure of the genitals of operators to 
direct or stray radiation, and (2) to avoid 
similar exposure of patients during thera- 
peutic or diagnostic procedures by proper 
shielding of the primary sex organs. 

Neutron therapy is so new that very little 
is known about its hazards. Protection is 
afforded by surrounding the cyclotron by 
large tanks of water which absorb neutrons, 


and a control room far removed from the 
cyclotron. Skin lesions have been noted 
similar to those produced by sunburn. 
Tuve, of the Carnegie Institution, insists in 
keeping exposure in his laboratory down to 
the equivalent of 0.01 of 1 r per day. 
Great caution is certainly indicated in the 
operation of these tremendously powerful 
machines. 


SYSTEMIC CANCER THERAPY 


The great problem yet to be solved, as I 
have already intimated, is the discovery of 
effective systemic treatments. Surgery, 
X-rays, radium, and in all probability 
neutrons are measures which can cure 
cancer only by the complete destruction of 
more or less localized malignant tumors. 
They fail completely to bring about cure 
in the more advanced disseminated stage, 
because radiation therapy uses a technique 
which is not based on a truly selective 
biological radiation effect. In view of the 
vast amount of money and energy invested 
in the development of present-day radia- 
tion therapy, it would seem that a corre- 
sponding investment for the search of 
selective therapy is fully justifiable. There 
are essentially two approaches to this 
problem, namely, the rational and the 
empirical method, or a combination of the 
two. Rational therapy of any disease, as, 
for example, the serum treatment of 
infectious diseases, depends on the com- 
prehension of the cause and nature of the 
disease in question. As concerns human 
cancer, the best available evidence indi- 
cates that it is not due to a specific in- 
fectious agent. This practically eliminates 
the probability of finding a specific vaccine 
or serum. Both clinical experience and 
extensive study of cancer in animals 
strongly suggest that cancer is caused by 
the transformation of the normal cells of 
the body into cancer cells through the 
operation of a great diversity of factors and 


é 
ie 
i 


IMPROVED THERAPY FOR CANCER PATIENTS 595 


agents operating from within or from with- 
out the organism. As far as we know now 
the malignant transformation of cells is 
irreversible and expresses itself in a varying 
degree of dedifferentiation and increased 
rate of cellular proliferation. What we 
need to know, in order to discover a 
rational specific therapy, is (1) why the 
biological behavior of cancer cells differs 
from that of the original normal cells, and 
(2) what kind of biochemical differences 
account for the differences in biological 
behavior. Such fundamental questions 
can only be answered on the basis of a 
much better understanding of cell physi- 
ology and biochemistry, as well as the 
functional and chemical interrelation of 
the various tissues and body fluids. We 
have reason to hope that this approach will 
be fruitful given sufficient time. 

The empirical or trial-and-error method 
has already given us radiation therapy for 
cancer. A large part of the most valuable 
chemical therapeutic agents have been 
discovered purely empirically, beginning 
with cinchona for malaria to sulfanilamide 
and related drugs for the astonishing treat- 
ment of certain infections. Then there 
are examples where a partial understanding 
of the nature of a disease combined with 
physiological knowledge and empirical 
trial has led to success, as, for example, the 
discovery of the use of liver in the treatment 
of pernicious anemia. 

Let me emphasize that it is hazardous 
for anyone to predict that a given scientific 
problem is insoluble for all time, as long as 
there are ideas which can be tested by sound 
experimentation. This is the lesson to be 
learned from the history of science. But, 
of course, no one can predict results or 
when they may come. 

I believe that therapeutic studies on 
cancer should in the beginning be carried 
out on tumor-bearing animals where 
conditions can be accurately controlled. 


There is available a great variety of spon- 
taneous, chemically induced, and trans- 
planted tumors, and the list is constantly 
increasing. The remaining time will be 
given over to a brief summary of certain 
studies in experimental therapeutics. 
The remarkable capacity of malignant 
tumors for apparently unrestricted pro- 
liferation suggested to us attempts to re- 
tard or possibly to completely inhibit 
cancerous growth by maintaining tumor- 
bearing animals on diets deficient in com- 
ponents essential for cellular proliferation. 
Classical nutrition experiments have shown 
that normal growth, and therefore tissue 
proliferation, does not occur unless the 
diet contains an adequate amount of all 
the so-called indispensable amino acids, 
the building stones of body proteins. It, 
therefore, was of interest to ascertain 
whether the growth of malignant tumors 
could also be inhibited by diets deficient in 
certain indispensable amino acids. Con- 
trary to expectations we (/5) were able to 
accomplish this in work on a typical spon- 
taneous mammary carcinoma of the mouse. 
Table 1 shows the composition of a diet de- 
ficient in the amino acid, lysine; and the 
same diet supplemented by an adequate 
quantity of this amino acid. Young normal 
mice, when placed on the deficient diet, fail 
to grow without manifest signs cf ill health. 
Soon after lysine is added to the diet, the 
mice begin to grow at a rapid rate. The 
growth rate of the mammary carcinoma is 
strikingly retarded by maintaining animals 
for several weeks on the lysine-deficient 
diet. Proof that this retardation of can- 
cerous growth is due to a specific lysine 
deficiency is shown by the rapid tumor 
growth following the feeding of lysine. 
Similar results were obtained with a diet 
consisting of 30 percent whole milk powder 
and 70 percent ground wheat, which was 
made deficient in lysine by a preliminary 
heat treatment of the milk powder. Less 
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striking inhibition of tumor growth was 
obtained with a diet deficient in trypto- 
phane. 


TaBLe 1.—Composition of diet deficient in lysine, and 
with lysine added 


Gliadin diet Gliadin diet plus lysine 


Percent Percent 

Gliadin 18.00 Gliadin_- 16.80 
Salt mixture 4.00 Salt mixture -- 4.00 
B, 0.10 B, Be 0.10 
Starch 54.00 Starch 
Crisco 20.00 Crisco 20.00 
Cod-liver oil _ - 8.00 Cod-liver oil 3.00 
Lysine—2 HCI 1.2 


Of particular interest are the experiments 
with diets deficient in sulfur-containing 
amino acids (/6). For instance, in mice 
on a diet containing about 16 percent of 
whole milk powder as the principal source 
of protein, the tumors made very little 
growth. However, the tumors promptly 
began to grow rapidly on the additicn of 
a small amount of cystine to the diet, or 
following the repeated subcutaneous in- 


jection of the cystine-containing peptide, 


glutathicne (fig. 3). 

To my mind these results, though not of 
immediate practical value, are of funda- 
mental interest. Our own work and that 
of other investigators have furnished evi- 
dence of the great importance of the 
organic-sulfur system of the body: (1) In 
the regulation of enzymes controlling the 
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Ficure 3.—Inhibition of growth of mammary 
carcinoma in mice maintained on a cystine- 
deficient diet, and stimulation of tumor growth 
following daily subcutaneous injections of 
glutathione (indicated bv arrows). 


degradation and synthesis of tissue pro- 
tein; (2) in the control of cell proliferation: 
and (3) in the action of certain cancer- 
producing chemicals. This field should be 
cultivated in a far more comprehensive 
manner, due consideration being given 
not only to the proteins, but also to the 
numerous known biocatalysts of the tissues. 
It is at least permissible to speculate that 
the chemistry cf cancerous tissues differs 
sufficiently from that of normal tissues as 
to influence selectively the growth of 
tumors by a deficiency or excess in certain 
biocatalysts. We may regard the human 
body as an organism which is marvelously 
coordinated not only anatomically and 
physiologically but also chemically. The 
whole trend of recent investigation is 
toward the concept of what might be called 
the “fluidity” cf chemical organization, 
with a continuing chemical interchange 
between the anatomical units. There is 
no better illustration than the recent 
revolutionary changes in our conception of 
the protein metabolism of tissues and body 
fluids. 

Significant results have been secured by 
Murphy and Sturm (/7). They found 
that repeated intraperitoneal injections of 
extracts of such normal tissues as embryo 
skin, placenta, or colostrum arrested the 
growth of mammary carcinoma in mice in 
about 70 percent of the treated animals, 
and in 22 percent the tumors regressed. 
These same extracts were ineffective when 
tested on mouse sarcoma 180. Such 
studies should be continued with a view to 
concentrating and isolating the active 
principles. 

Another line of investigation in progress 
at the National Cancer Institute is based 
on Clinical observations dating as far back 
as 1882. It has been noted by clinicians 
that certain intercurrent infections, par- 
ticularly erysipelas, occasionally exercised 
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an apparently curative effect on certain 
malignant tumors. This led to the 
clinical use of bacterial filtrates, including 
Coley’s fluid, which is a mixture of 
streptococcus and Bacillus prodigiosus fil- 
trate. Favorable and unfavorable clinical 
results have been reported with various 
bacterial filtrates. This may be partially 
explained by the results obtained in 
animals, which indicate that the filtrate is 
effective on sarcoma, but apparently 
ineffective on other tumor types (78). 
Active filtrate fractions are obtained from 
B. prodigiosus grown on a synthetic medium, 
and present evidence suggests that the 
active principle may be associated with a 
bacterial polysaccharide (79). In large 
doses the preparations are toxic and kill 
the animals. Smaller doses produce strik- 
ing macroscopic and microscopic hemor- 
rhages in the tumors, followed in many 
cases by regression of the tumors. The 
hemorrhagic reaction appears to be spe- 
cific for the tumor capillaries and is not 
evident in other tissue. Since the hemor- 
rhage is accompanied by a marked reduc- 
tion in the ascorbic acid content of the 
tumor, and since the injection of this 
vitamin prevents the hemorrhage (20), 
it is believed that the bacterial filtrate, by 
suddenly lowering the ascorbic acid of the 
tumor, so weakens the fragile new capil- 
laries as to cause hemorrhagic extravasa- 
tion. If the whole tumor tissue is affected, 
the tumor regresses. In patients filtrate 
elicits marked febrile reactions, and there 
are suggestions that the organism develops 
a partial tolerance, as indicated by the 
toleration of increasing doses. It is, of 
course, too soon to decide whether this 
form of therapy will be of practical value. 
The possibility is certainly not ruled out 
that improvements in the fractionation of 
the crude filtrate may furnish a prepara- 
tion from which toxic, but therapeutically 


inactive, material has been eliminated, and 
which may have a sufficiently wide margin 
of safety between the toxic and hemor- 
rhage-producing doses. 

Another illustration of selective action of 
a chemical on tumor tissue is the observa- 
tion made by Strong (27). Using sponta- 
neous mammary cancer in mice, he found 
that the repeated oral administration of a 
synthetic chemical — heptvlaldehyd — in 
many cases caused extensive liquefaction 
of this tumor, followed in some instances 
by complete regression. Were it not for 
the fact that this effect is obtained only 
with a dosage rather close to the fatal dose, 
some hope of practical usefulness might 
be entertained. However, the interesting 
point I wish to emphasize is the selective 
action on the tumor. 

The old gout remedy, colchicine, a 
phenanthrene derivative, is known to 
cause arrest in cell division. Recent at- 
tempts to utilize this action for the treat- 
ment of tumors have given negative results, 
because the drug is too toxic. Efforts are 
now being made to synthesize chemicals of 
closely related structure with the hope of 
finding a less toxic and effective com- 
pound. 

In view of the startling development of 
the chemical treatment of certain bacterial 
and virus diseases, it would seem hopeful 
to pursue the search for chemical agents 
for cancer therapy. As in the case of most 
of the newer chemicals for the treatment 
of other diseases, the search for such 
chemicals for cancer has to be carried out 
by experimentation on animals, by mak- 
ing full use of any leads suggested by 
clinical observation. 

In conclusion, I do not hesitate to 
predict that persistent, intelligent, and 
comprehensive effort along the lines men- 
tioned in this lecture is bound to result in 
saving many thousands of lives. 
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Effect of Foster Nursing on the Response 
of Mice to Estrogens 


By Micuaev B. SHIMKIN, assistant surgeon, and Howarp B. ANDERVONT, principal biologist, 
National Cancer Institute, National Institute of Health, United States Public Health Service 


Since the establishment of the fact that 
the tendency to develop mammary adeno- 
carcinoma in mice can be segregated into 
certain strains, numerous investigators 
have attempted to elucidate the differ- 
ences between mice which develop tumors 
of the breast and those which are relatively 
free of this neoplasm. These investiga- 
tions were performed by comparing differ- 
ent inbred strains of mice, since the segre- 
gation of mammary carcinoma involved 
inbreeding of the animals and indeed was 
considered to be genetic. The result was 
that although various interesting differ- 
ences were encountered, none of these 
differences was indubitably related to the 
presence or the absence of susceptibility 
to, and the development of mammary 
tumors. 

The important studies of Murray and 
Little (7) and of Korteweg (2), on the 
extrachromosomal influences in the gen- 
esis of mammary carcinoma in mice, and 
of Bittner (3-5), on the effect of foster 
nursing on the occurrence of this neo- 
plasm, make possible a better approach 
to the problem. Foster nursing of mice 
of strains which have a high incidence of 
mammary carcinoma (A, C3H, dba) by 
females of strains which are resistant to 
this tumor (C57 Black, C, Y), reduces the 
occurrence of the tumor in the fostered 
females. Conversely, foster nursing of 
mice of strains with a low incidence of 
mammary carcinoma (C, C57 Black) by 
mice which are susceptible to tumors of 
the breast (C3H, dba) increases markedly 
the incidence of mammary tumors in the 
fostered females (5-7). The same results 


can be reached in hybrid mice either by 
foster nursing or by the simpler process of 
reciprocal crossing. Thus, mice of iden- 
tical genetic constitution, but with radi- 
cally different incidences of mammary 
adenocarcinoma are obtained. Differ- 
ences in these mice are much more likely 
to be related to the development of tu- 
mors of the breast than are differences 
elicited in the comparison of mice of widely 
divergent genetic constitutions. The 
method has been employed already by 
Van Gulik and Korteweg (7), who de- 
scribed interesting alterations in the archi- 
tecture of the mammary gland in foster- 
nursed mice. 


EFFECT ON VAGINAL RESPONSE 


It has been established that hormonal 
stimulation, particularly that of estrogens, 
is one of the factors involved in the genesis 
of mammary tumors in mice.’ No corre- 
lation has been found, however, between 
the manifestations of estrogenic stimula- 
tion, such as the duration of vaginal 
keratinization, number of estrus cycles and 
the normality of the cycles, and the sus- 
ceptibility of various strains of mice to 
mammary carcinoma (/0-73). On the 
other hand, Van Gulik and Korteweg (7/4) 
recently found that two strains of mice 
which are susceptible to tumors of the 
breast are less susceptible to estrogen, as 
determined by vaginal-smear assay, than 
mice of three low-mammary-cancer strains. 
The authors suggested that the females 
whose genital organs are least susceptible 

1 For reviews, see Gardner (8) and Lacassagne 
(9). 

599 


600 JOURNAL OF THE NATIONAL CANCER INSTITUTE 


to estrogen produce the greatest quantity 
of the hormone under normal conditions, 
and that there may be a causal relationship 
between the degree of susceptibility of the 
genital organs to estrogen and the degree 
of disposition to tumors of the breast. 

The implication that certain strains of 
mice have a high incidence of mammary 
carcinoma because they are relatively re- 
sistant to estrogen and must elaborate more 
of the hormone in order to reach normal 
estrus, is of obvious importance. 

It was decided to test this theory by the 
use of foster-nursed mice. If the disposi- 
tion to carcinoma of the breast is inversely 
related to the susceptibility of the genital 
organs to estrogens, foster nursing of mice 
resistant to mammary carcinoma by fe- 
males which are susceptible to mammary 
tumors should increase the resistance of 
the fostered mice to estrogens by the 
vaginal-smear assay, and the fostering of 
mice susceptible to this tumor by females 
which are resistant to tumors of the breast 
should decrease their resistance to the 
hormone. 


EXPERIMENTAL PROCEDURE 


Brother-sister mating of mice of strains 
C3H, C, and C57 Black, maintained at the 
National Cancer Institute, was started in 
May 1940. Litters were born between 
June 24 and July 13, 1940. Within 17 
hours or less after birth, half of each C3H 
litter was transferred to a mother of strain 
C or C57 Black, and at the same time half 


of the litter of strain C or C57 Black was 
given to the C3H female. Thus, litter 
mates of strain C3H were obtained in 
which half were nursed by their own 
mothers and half were foster nursed by 
mothers of strain C or C57 Black; of the 
litters of C or C57 Black, half were nursed 
by their own mothers and half by C3H 
females. 

The sexes were separated at weaning, 
and the mice were marked individually. 
The females were ovariectomized by the 
dorsal approach on August 22 to 27, 1940, 
when they were 6 to 9 weeks of age. The 
number of mice in which ovariectomy was 
successful as determined by preliminary 
vaginal smears, and which were used in 
the experiment, is given in table 1. The 
table also indicates the previously reported 
(6) incidences of mammary carcinoma in 
the normal and foster-nursed females of 
these strains. 

The susceptibility of the mice to estro- 
gens, as manifested by the vaginal reaction, 
was determined by the bioassay technique 
as outlined by Emmens (7/5). Crystalline 
3-hydroxy-17-keto-A-1,3,5-estratriene (es- 
trone),? dissolved in purified peanut oil, 
was the estrogen employed. On Septem- 
ber 9, all mice were given a single subcu- 
taneous injection of 0.1 microgram of 
estrone in 0.1 cc. of the oil as a “‘priming” 
dose. Assays were started 3 weeks later 
and were continued at fortnightly intervals 
on the same groups of mice. The estrone 
Theelin, Parke-Davis. 


Tasie 1.—Vaginal response to estrone in normal- and foster-nursed mice of strains C3H, C, and C57 Black 


dence of 
Strain of mouse Nursed by— mam- 
mary 
cancer 
... ; Cc 25- 15 
C3H CA7 Black 25- 17 
C57 Black C57 Black 1- 23 
C57 Black C3... 10+ 25 


Number of positive vaginal smears, according to dose of 
estrone (in micrograms) 


0.0125 | 0.025 | 0.0375 0.05 0.075 0.10 0.125 


1 5 16 19 21 

1 1 6 12 13 

1 2 & 11 12 

2 5 13 7 19 

3 4 4 11 12 

1 5 16 22 23 |- 
2 9 19 | 25 25 
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was always dissolved in 0.1 cc. of peanut 
oil: half of the dose was given on Monday 
and half on Tuesday. 

Vaginal smears, obtained by a metal 
spatula, were taken at 24-hour intervals 
on 3 successive days after the second injec- 
tion of estrone. The smears were stained 
with methylene blue. <A reaction was 
considered positive when one or more of 
the smears contained at least 50 percent of 
cornified epithelial cells and no more than 
extremely rare leukocytes. 


RESULTS 


The results, which are summarized in 
table 1, were tested statistically by the 
procedures outlined by Bliss (76).* 

In figure 1, the results in mice of strain 
C3H are plotted as probits against log- 
dose, and the calculated regression lines 
are drawn through the observed points. 
There is no difference in the regression 


3 We are indebted to Dr. W. Ray Bryan for the cal- 


culations. 


w 
te) 


PROBITS 
> 

— 


-0,7 
LOG DOSE 
Figure 1.—Dose-response curves for vaginal re- 
sponse to estrone in normal and in foster-nursed 
C3H spayed females, showing regression of 
percentage positive smears (in probits) on 
log-dose. 
Solid circles and solid line, normal C3H. 
Half circles and dash line, C3H fostered by 
C57 Black. 
Open circles and dotted line, C3H fostered 
by C. 
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Ficure 2.—Dose-response curves for vaginal 
response to estrone in normal and foster-nursed 
C57 Black and C spayed females, showing 
regression of percentage positive smears (in 
probits) on log-dose. 
Solid circles and solid line, normal C57 Black. 
Open circles and dot-dash line, C57 fostered 
by C3H. 
Solid triangles and dots-dash line, normal C. 
Open triangles and dotted line, C fostered by 
C3H. 
Crossed circles indicated estimated values for 
100-percent responses. 


lines, in either the slopes or the positions, 
for the normal C3H mice as compared 
with those foster nursed by C mice (P= 
0.77 and P>0.99, respectively), or for the 
normal C3H mice as compared with those 
foster nursed by C57 Black females (P= 
0.78 and P>0.99, respectively). Thus, 
although foster nursing of C3H mice by 
mice of strains C or C57 Black reduces the 
incidence of mammary carcinoma from 
practically 100 percent to 25 percent or 
less (77),,it does not affect the resistance of 
the mice to estrone as far as the vaginal 
reaction is concerned. 

Figure 2 presents similar negative results 
for mice of strains C and C57 Black. 
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Strain C mice which were foster nursed 
by C3H females do not differ in their re- 
sponse to estrone as compared with normal 
controls (P=0.59 for the discrepancy in 
slope, and P=0.37 for the discrepancy in 
position of the regression lines), although 
this procedure increases the incidence of 
mammary tumors from less than 5 percent 
percent (6). Normal C57 
Black females have a negligible incidence 
of mammary but when foster 
nursed by C3H mice the incidence is about 
10 percent (6); the vaginal reaction to 
estrone, however, remains the same (P= 


to over 50 


tumors, 


DOSE IN MICROGRAMS 
0.0125 0,025 0.05 0.1 0.2 
8.0} 
499 
7.0} 
4 
490 
6.0} i 
170-4 
5.0} 1508 
430 
4,0} a 1 ¢ 
410 
3.0} 


- 1.9 -1.6 -1.3 -1.0 -0.7 


LOG DOSE 


Ficure 3.—Dose-response curves for vaginal re- 
sponse to estrone in mice of strain C3H, C, and 
C57 Black, showing regression of percentage 
positive smears (in probits) on log-dose. 

Closed circles and dash line, C3H. The 
equation of the regression line, when y is 
response in probits and x is log-dose, is y= 
9.098 +-3.765x. 

Open circles and solid line, C57 Black. Re- 
gression equation is y= 15.086 +7.319x. 

Closed triangles and dotted line, C. Re- 
gression equation is y=8.471+2.441x. 
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0.58 for the discrepancy in slope, and P= 
0.40 for the discrepancy in position of the 
regression lines). 

Since there is no significant discrepancy 
in the results obtained with normal and 
foster-nursed animals of the three strains, 
the data of the two groups are combined in 
figure 3 to give a better estimate of the 
strain response in each case. When the 
responses of the three strains are compared 
on this basis, significant differences are 
obtained. The slope of the regression line 
is steepest for the C57 Black strain, indicat- 
ing that the variability among individual 
animals is less in this strain than in the 
other two. The value of P for the dis- 
crepancy in slope is less than 0.01 when 
compared with the slopes of either C or 
C3H. When the C and C3H strain re- 
sponses are compared, the discrepancy in 
slope is statistically significant (P=0.019). 
The three strains of mice, therefore, differ 
significantly in the degree of variability 
shown by individual test animals in their 
vaginal responses to estrone. 

The strain susceptibilities to estrone 
may be compared on the basis of the quan- 
tity of the hormone required to produce a 
vaginal reaction in 50 percent of the test 
animals; i. e., the median effective dose 
or EDs) (78). The EDs 9 for the vaginal 
reaction to estrone in C3H mice is 0.08 + 
0.004 microgram. The ED;, for C strain 
animals is 0.038+0.005 microgram, and 
for C57 Black mice it is 0.042+0.0015 
microgram. The difference between 
strains C and C57 Black is not significant 
(P=0.45), but the difference between 
either of these two strains and C3H mice 
is highly significant (P<0.01). Thus, 
mice of strain C3H are approximately 
twice as resistant to estrone, as measured 
by the arithmetic value of EDs, for the 
vaginal response, as mice of strains C or 
C57 Black. 
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Discussion 

The study shows that there is a marked 
difference in the vaginal response to 
estrone in the three strains of mice used. 
The susceptibility to estrone is inversely 
related to the susceptibility of the three 
strains, under normal conditions, to the 
incidence of mammary carcinoma; i. e., 
mice of two strains which are resistant to 
the development of the neoplasm (C and 
C57 Black) are twice as susceptible to 
estrone as mice of a strain which has a 
high incidence of tumors of the breast 
(C3H). 

Foster nursing, however, does not alter 
the susceptibility of the mice to estrone, 
as manifested by the vaginal reaction, 
although it alters radically the degree of 
disposition to carcinoma of the breast. 
The differences in the vaginal response to 
estrone, therefore, are strain peculiarities 
and are not causally related to the genesis 
of mammary adenocarcinoma. 


EFFECT ON INDUCTION OF 
MAMMARY TUMORS 


Twombly (79) has indicated that foster 
nursing influences the response of male 
mice to estrogens as far as the induction 
of mammary carcinoma is concerned. Of 
27 male mice of strain C57 Black which 
had been fostered by R III (high mam- 
mary tumor) strain females and which 
were implanted with crystals of estrone at 
10 days of age, 9 developed mammary 
tumors in 7.5 to 11 months. This inci- 
dence is much higher than can be obtained 
in normal males of this strain. Bittner (5) 
recently reported similar results. After 
the implantation of a crystal of estrone or 
estradiol benzoate, 6 of 19 normal strain 
A males and females developed mammary 
tumors in an average of 185 to 190 davs, 
whereas no tumors were induced in 43 
strain A mice which were foster nursed 


by C57 Black females. Three tumors were 
induced in 12 normal C3H (JAX) mice, 
whereas 18 C3H animals which were 
foster nursed by C57 Black mice were 
negative. 

Our studies, which are still in progress, 
are in agreement with those of Twombly 
(79) and of Bittner (5). Data of the pre- 
liminary experiments are sufficiently im- 
pressive to be noted here. 


EXPERIMENTAL PROCEDURE 


Male mice of strain C3H and C, half 
of which were nursed by their own mothers 
and half of which were foster nursed by 
C57 Black mice and C3H females, respec- 
tively, were obtained. A group of strain 
C females, normal and foster nursed by 
C3H mice, was also used. 

The estrogen employed was 4,4’- 
dihydroxy-a,8-diethylstilbene (stilbestrol *) 
given either in 20 weekly subcutaneous 
injections of 0.2 mg. dissolved in 0.1 cc. 
of sesame oil, or as a single subcutaneous 
implantation of a cholesterol pellet con- 
taining 10 to 50 percent of the compound 
and weighing 5 to 8 mg.® 


RESULTS 


The results up to 10 or 12 months are 
presented in table 2. Whereas over 60 
percent of the normal C3H males have 
developed mammary tumors, only 1 tumor 
has appeared in the C3H males which 
were foster nursed by C57 Black females. 
This C3H male had remained with its 
own mother fer about 17 hours after birth 
(17). Four mammary tumors have ap- 
peared among 13 strain C males which 
were foster nursed by C3H females, and 
none in the normal males. Seventy per- 
cent of the female mice of strain C which 


4 Diethylstilbestrol, Merck. 
5 Shimkin, M. B., and Grady, H. G.: Data to be 
published. 
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Tape 2.—Effect of foster nursing on the induction of mammary carcinoma with stilbestrol, in strains C3H and C 
male and strain C female mice 


Mammary tumors, in months after stilbestrol 


Num- administration Num- 

Strain of mice Sex Nursed by— ber of ber of 
mice | tumors 

4 5 6 7 8 9 10 ll 12 | 
No. | No. | No. | No. | No. | No. | No. | No. | No. 

C3H_. M C3H 1 3 5 1 4 15 
C3H M | C57 Black : 31 | 1 1 
Cc M 20 dein 0 
M C3H 13 1 2 1 4 
Cc F Cc 1 1 
F C3H.. 20 1 6 2 1 2 


were foster nursed by C3H mice have de- 
veloped mammary carcinoma by 9 months, 
whereas the incidence among C females 
nursed by their own mothers is under 
5 percent. 

Confirmatory results from three different 
sources, therefore, permit the conclusion 
that foster nursing radically affects the 
ability of the mouse, of either sex, to devel- 
op tumors of the breast following massive 
administrations of estrogen. 


DISCUSSION 


As Lacassagne (20) summarized the 
problem: 

Carcinoma can occur only in a mammary gland 
which has undergone a certain degree of develop- 
ment. The development of the mammary gland 
is dependent upon the estrogenic and pituitary 
hormones. But whether these stimulating factors 
play a direct role in the cancerization process, or 
only produce the anatomical development of the 
mammary gland sufficient to allow the cancer 
process to manifest itself is still undetermined. 

The marked influence of the milk factor 
upon the genesis of mammary tumors, 
both those of spontaneous origin and those 
induced with estrogens, makes it evident 
that estrogens merely prepare a suitable 
substratum in the breast of the mouse for 
the action of another factor, presumably 
transmitted through the mother’s milk. 
Since the incidence of mammary carci- 
noma in C3H females foster nursed by 
C57 Black mice was found by Andervont 
(17) to be directly proportional to the 


number of hours the young remain with 
their mothers, this factor is a carcinogenic 
agent (or agents) derived from mice of 
high-mammary-tumor strains rather than 
an anti-carcinogenic factor derived from 
mice of low-mammary-cancer strains. 
Bittner (35) has reported that the factor can 
be transmitted to month-old strain A 
females by the oral administration of milk 
obtained from lactating females of a can- 
cerous stock. There is no indication at the 
present time as to what the nature of this 
factor (or factors) may be, and it remains 
one of the most engrossing problems of 
experimental oncology.® 

Bittner (4) has stated that three factors 
must be involved in the genesis of mam- 
mary tumors in mice: the genetic, the 
hormonal, and the milk. Murray and 
Little (7) have shown that the genetic 
factors are only one-tenth as important as 
the extrachromosomal influences. The 
present studies and those of Twombly (79) 
and of Bittner (5) indicate that the hor- 
monal factors also must be relegated to a 
secondary position in the etiology of 
mammary adenocarcinoma in mice. 


CONCLUSION 


Foster nursing exerts no influence upon 
the vaginal reaction to estrone in mice of 
strains C3H, C, or C57 Black. 

6 No growth is obtained in cultures of milk from C3H 
and from C57 Black mice on blood agar and on developing 


hen and duck eggs. (Shimkin, M. B.: Unpublished 
data). 


‘2 
j 
i ; 


FOSTER NURSING AND RESPONSE OF MICE TO ESTROGENS 605 


Foster nursing of mice of a strain with a 
high incidence of mammary carcinoma 
(C3H) by mice with a low incidence of this 
neoplasm (C57 Black), reduces their sus- 
ceptibility to induction of mammary car- 
cinoma following massive administrations 
of estrogen. Foster nursing of mice of a 


strain with a low incidence of mammary 
carcinoma (C) by mice with a high inci- 
dence (C3H) increases their susceptibility 
to mammary-tumcr induction with estre- 
gens. 


Acknowledgement is made of the technical 
assistance of Mr. Walter F. Gately. 
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INTRODUCTION 

The rabbit papilloma (Shope), or in- 
fectious papillomatosis, is an endemic 
disease of western cottontail rabbits char- 
acterized by the presence of warty epi- 
dermal growths. The condition, though 
long known in the region where it occurred, 
was studied first by Shope (7) in 1933. 
This investigation revealed the disease to 
be infectious and the etiological agent to 
possess characters classifying it as a typical 
member of the group of filterable viruses. 

The newly characterized disease quickly 
aroused numerous interests. In addition 
to obvious possibilities for investigation of 
the condition as a virus disease were those 
related to the biological aspects of the 
growth per se. Studies in the latter field 
showed that the papillomatous process in 
both cottontail and domestic rabbits 
exhibits in many respects the behavior of 
mammalian tumors (2-4). The interpre- 
tation and the significance of these findings 
were subsequently greatly emphasized by 
the discovery that the papillomatous 
growth progresses with time to typical 
destructive and metastasizing carcinoma, 
frequently in domestic rabbits (5) and 
occasionally in cottontail rabbits (6). 
Further, by means of appropriate prepara- 
tion, the response of the epidermal cells to 
the papilloma virus can be altered (7), so 
that carcinoma develops quickly without 
the usual latent period observed when 
virus is applied to cells injured simply. 
These and related investigations have 
placed the rabbit papilloma and the car- 
cinomas deriving from it in the category of 
mammalian tumors, differing from them 
chiefly with respect to the known etiology. 

For many years a most interesting phase 
of tumor research has been the study of a 
small group of virus-induced growths 
fulfilling in many respects the criteria of 
neoplasms in general. Chief among them 
are the leukosis of fowls and the Rous 


chicken sarcoma. To these has now been 
added the rabbit papilloma, which, how- 
ever, occupies a unique position as the 
only established virus-induced mammalian 
neoplasm. Studies of these diseases as 
tumors have added greatly to the knowl- 
edge of neoplasms in general. In addition 
to the opportunities offered by this line of 
investigation is another which is of at least 
equal importance and promise for the 
tumor problem. This is concerned with 
the possibility presented for the direct 
study of the nature and properties of 
definite, specific tumor-causing agents, 
namely, the viruses responsible for the 
respective growths. This phase of the 
problem recently has received much atten- 
tion. Developed chiefly in association 
with .work on plant viruses (8), methods 
are now at hand for direct approach to 
questions of the nature and properties of 
the tumor-causing, as well as other viruses. 
Use of these procedures has been made in 
the study of the agents responsible for the 
Rous chicken sarcoma (9), the rabbit 
papilloma (70), and leukosis of fowls (77). 
The measure of success attained in a 
relatively brief period not only has re- 
sulted in the accumulation of much useful 
and significant information of immediate 
interest but also has demonstrated the 
efficacy of the methods applied, and has 
indicated a great degree of promise offered 
by persistent efforts in this direction. 

For several years work of this sort has 
been under way with the rabbit-papilloma 
virus, and the findings have been presented 
from time to time. In many respects 
choice of this material has proved fortu- 
nate. Owing to factors concerned both 
with the nature of the virus and that of the 
material from which it can be derived, its 
isolation and purification are relatively 
simple. Further, the properties of the 
purified material are such that unusual 
opportunities are offered for quantitative 
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investigations on its biological behavior. 
The work thus far has been concerned to a 
relatively small extent with physical and 
chemical studies, being devoted principally 
to investigations on the biological proper- 
ties and behavior of the purified virus. In 
the present paper are collected the prin- 
cipal findings thus far encountered. 


PURIFICATION AND GENERAL 
PROPERTIES OF THE PAPIL- 
LOMA VIRUS 


Extracts of warts occurring naturally in 
western cottontail rabbits are ordinarily 
highly infectious though some exhibit little 
infectivity (7). Growths induced exper- 
imentally in  cottontail rabbits yield 
extracts usually of low-grade infectivity, 
while those of warts induced similarly in 
domestic rabbits are rarely infectious (72). 
The methods successful in the isolation and 
purification of the virus have been applied 
to material from both cottontail and 
domestic rabbits (73). Significant quan- 
tities of virus have been obtained only 
from highly infectious cottontail-rabbit- 
wart extracts, and the yield of it has been 
roughly proportional to the infectivity of 
the extracts. 


METHOD OF PURIFICATION 


The procedure for purifying the papil- 
loma virus has consisted essentially in 
simple ultracentrifugal fractionation of 
extracts containing the virus. For this a 
replica of the air-driven quantity ultra- 
centrifuge described by Wyckoff and 
Lagsdin (74, 75) has been used. The 
reason for the fractionation sequence 
employed and the interpretation of the 
findings are clarified by consideration of 
the nature of the material involved. 

The rabbit papilloma occurs naturally 
and can be induced experimentally only 
in the skin. Arising from the basal cells of 
the epidermis, the growth increases in size 


through multiplication of epidermal cells, 
which rapidly become keratinized, and 
through increases of attendant connective 
tissue supporting structures. In contrast 
with the fate of epidermal cells under 
normal conditions, the keratinized papil- 
loma cells are not desquamated as the 
growth increases in size. The superficial 
areas usually become dry and elastic or 
sometimes horny and enclose a moist 
keratinized mass of amorphous papilloma 
cells into which thin papillae of living cells 
extend from the base where the mass is 
seated. For the most part, then, the 
growths consist of a structureless, lifeless 
mass of cell debris comprised of particles 
of pigment, keratin, and insoluble dena- 
tured protein. Extracts of such material 
are poor in the usual viscous tissue protein 
which is difficult to eliminate in the 
purification process. Experience has 
shown that the virus in growths carrying 
it is distributed throughout the mass, to 
some extent even in the superficial dried 
regions. 

The experiments reported here, except 
in specified instances, were made with 
warts found on rabbits trapped in Kansas. 
Growths were harvested and placed in 


- 8-ounce bottles containing a mixture of 


equal parts glycerin and 0.9 percent NaCl 
solution. The bottles were kept in the 
field until filled with warts so that each 
nearly always contained growths from 
several rabbits. The bottles were shipped 
to the laboratory and stored at 5°-8° C. 
Under these storage conditions the virus 
activity of the growths is maintained in- 
definitely. The growths have been used 
after periods up to 3 years. The results 
obtained with four batches of warts pro- 
duced by tattooing virus into numerous 
spots in the skin of captive cottontail 
rabbits are also described in this paper. 
These growths had been in_ glycerin 
storage for 11 months. 
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Freed of connective tissue and hair, 
warts were ground to a smooth paste 
with sand and extracted, for about 12 
hours, in 10-20 times their weight of 0.9 
percent NaCl solution. Extractions were 
made also with solutions containing other 
concentrations of NaCl; less virus was 
obtained where the salt content exceeded 
2 percent, and still less when distilled 
water was employed. Sand and _ gross 
tissue particles were removed from extracts 
by twice-repeated spinning in the ordinary 
horizontal or angle centrifuge. A single 
extraction removed more than 90 percent 
of the virus. 

The crude extract was distributed in 
15.5-cc. volumes in 18.0-cc. collodion 
tubes which were then placed in the 8- 
tube ultracentrifuge rotor chilled with 
cracked ice. The rotor was sealed and 
spun rapidly up to 9,000 r. p. m. (about 
7,000 times gravity) and quickly stopped 
(the run-up-and-down). The sediment 
from this operation was discarded, and 
the supernatant fluid, poured into fresh 
tubes, was ultracentrifuged in a field of 
about 40,000 times gravity for 1 hour. 
The supernatant fluid from this first 
ultracentrifugation was discarded, and 
the tubes containing the sedimented pel- 
lets were inverted for a few minutes to 
permit the excess fluid to drain away. 
The pellets were then taken up in 0.05 
M phosphate buffer pH 6.5 with the aid 
of fine-tipped pipettes. Ordinarily the 
volume of solution employed at this point 
is 31.0 cc. for eight pellets, just enough 
for two of the collodion ultracentrifuge 
tubes. The suspension was cleared of 
aggregated material by a run-up-and- 
down as before. The supernatant fluid 
was then spun in two clean tubes at 40,000 
times gravity for 1 hour. The two pellets 
were suspended in 15.5 cc. of buffer solu- 
tion, and the volume was maintained for 
the remainder of the procedure except for 


the final solution of the pellet. The 
sequence of alternate high- and low-speed 
centrifugation was continued through five 
cycles, and the last pellet dissolved in 
1.0-5.0 cc. of buffer solution pH 6.5 
depending on its size. The final sclution 
was spun in a small collodion tube at 
full speed for 20 minutes in the angle 
centrifuge. 

Crude extracts of papillomas are amber 
in color and slightly turbid after low-speed 
centrifugation. The preliminary run-up- 
and-down in the ultracentrifuge removes 
much suspended material leaving a liquid 
which, though still amber, is macroscopi- 
cally almost clear. Pellets obtained from 
the first ultracentrifugation are opaque 
and brown, consisting primarily of ag- 
gregated colloidal material including finely 
divided melanin. They are friable and 
suspend easily without adhering to 
either the tube or pipette tip. Such sus- 
pensions, after vigorous pipetting for 
10-20 minutes, have a whitish tinge. 
Most of the colored material, present in 
relatively large floclike particles, is re- 
moved by the second run-up-and-down to 
yield a grayish-white and opalescent sus- 
pension. Except for a small opaque core, 
the pellets from the second high-speed 
ultracentrifugation are almost clear. These 
and subsequent pellets, in contrast with 
the earlier ones, are sticky, can be drawn 
into thin strands with the pipette tip, 
and are adherent, not friable. Concentra- 
tion lines are seen around them as they 
go into solution. After the second ultra- 
centrifugation, relatively little material 
is lost in the run-up-and-down. Pellets 
from the third and following ultracentrif- 
ugations are usually macroscopically clear 
and, though sometimes as much as 7.5 
mm. in diameter, are scarcely visible 
when covered with fluid. 

The effects of the fractionation process 
on infectivity of the extracts are illustrated 
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in table 1 and figure 1. In table 1 are 
compared the infectivities of the various 
fractions obtained in a typical experiment. 
Though the tests were crude, it is apparent 
that infectivity was carried through the 
process in association with the material 
sedimented by full ultracentrifugation. 
The efficacy of ultracentrifugation in the 
sedimentation of the infectious material 
of a crude extract under the prescribed 
conditions is shown quantitatively in 
figure 1. In this experiment is shown 
the residual infectivity of the supernatant 
fluid of the extract spun at 40,000 times 
gravity for various intervals. The ultra- 
centrifugal process results in the sedi- 


100 


ACTIVITY 


RELATIVE 


10 20 40 so 6 70 
PERIOD OF ULTRACENTRIFUGATION -- MINUTES 


Figure 1.—Sedimentation of infectivity from 
crude papilloma extract in a gravitational field 
of 40,000 g. (Infectivity measurements made 
by incubation-period analysis. See text.) 


mentation and concentration of most of 
the virus within the period of 1 hour. 


ULTRACENTRIFUGAL SEDIMENTATION 
PATTERN 


Development of the fractionation se- 
quence and judgment of its success were 
directed primarily by examination of the 
concentrates with the analytical ultra- 
centrifuge (74-76). By this means infor- 
mation was obtained relative to the physi- 
cal state of the material. For these studies 
an air-driven instrument was employed 
which utilized the absorption methed for 
photography with ultraviolet light of 
2300-2700 A°. Cells containing the con- 
centrate solution for the examination were 
2 mm. thick. 

The crude extracts of papillomas contain 
in solution small quantities of tissue pro- 
tein, and in suspension insoluble particles 
of pigment and denatured protein of 
greatly varied size. When the crude ex- 
tract is examined in the analytical ultra- 
centrifuge at progressively increasing 
speeds, there is seen to sediment a light- 
absorbing material of great inhomogeneity, 
evident in the gradual diminution of light 
absorption from the bottom of the cell 
upwards. When the speed of the centri- 
fuge reaches a level where the centrifugal 
force becomes comparable with that 


Tas_e 1.—Infectivity of ultracentrifugal fractions of an extract of cottontail rabbit papillomas 
{Papillomas' in test rabbits after inoculation] 


Dilutions 2 
1-200 1-2, 000 1-20, 000 
Material 
Rabbit Rabbit Rabbit 
1 2 3 4 1 2 3 4 1 2 | 3 | 4 

Crude extract ++) ++) ++ ++++4| + + + 
Supernatant first run-up-and-down.| +++,++++, ++ + +24 ++ 
Supernatant first ultracentrifugation 0 0 0 +| 0 0 0 0 0 0 0 
Pellet first ultracentrifugation +++) +++/++4++ +| ++) ++ ++ + +) 
Pellet third ultracentrifugation +++) ++! t+ 0 +) + + 


1 0= Negative; += 1-6 papillomas; ++++= confluent papillomas; other symbols indicate papillomas of intermediate size. 


? Dilutions based on weight of papilomas extracted. 
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exerted in the purification process, all of 
this inhomogeneous substance has been 
eliminated from suspension. The solution 
which remains likewise absorbs light be- 
cause of the presence of the tissue protein. 
Because of the smaller molecular size of 
this protein, no sedimentation of it occurs 
in the centrifugal field of the magnitude 
described. Photographs thus show an 
even absorption of light over the area of 
the cell, and the substance or substances 
responsible for the absorption are termed 
for convenience “unsedimentable mate- 
rials.” The term is entirely relative, for 
in ultracentrifugal fields of appropriate 
force the low-molecular-weight protein is 
likewise sedimented. 

Results of another character are found 
when the concentrates of highly infectious 
wart extracts are studied. The difference 
is evident in some instances with solutions 
of the first ultracentrifugal pellet. Here, 
there is frequently present a definite, or 
even rather sharp, boundary unrelated 
either to the inhomogeneous particulate 
material or to the small amount of low- 
molecular-weight tissue protein carried 
over with the pellets and from the walls of 
the tubes. In solutions of the second ultra- 
centrifugal pellet, the boundary becomes 
more prominent, though some of the un- 
sedimentable protein may still be present. 
After three or more cycles, only the pat- 
tern characteristic of the purified concen- 
trate is observed. The sedimentation 
pattern of a typical preparation is shown 


Ficure 2.—Sedimentation diagram of papilloma- 
virus protein. S»°=260X10-8 cm. sec.~! 
dynes}, 


in figure 2. This consists of a principal 
boundary which has the sedimentation 
constant 260107" cm. sec.~! 
dynes“'. Frequently there is present 
also a faint secondary boundary with 52.= 
ca. 375X10-" cm. sec.-' dynes™'. 
Concentrates from good warts carefully 
handled in the cold give single sharp 
boundaries; whereas if they are treated 
less carefully, the boundaries are shaded or 
diffuse. These results show that (1) all un- 
sedimentable tissue protein demonstrable 
by the method has been eliminated in the 
process, (2) detectable amounts of the 
inhomogeneous colloidal material initially 
present have been discarded, and (3) the 
final concentrate exists primarily as a single 
entity of the homogeneity, with respect to 
ultracentrifugal sedimentation, of a single 
molecular species. 


GENERAL CHEMICAL AND PHYSICAL 
PROPERTIES 


Purified virus concentrates give positive 
reactions to the usual tests for protein and 
are precipitated quantitatively by hot 5 
percent trichloracetic acid. Molisch tests 
on dialyzed solutions containing 2.6 mg. 
protein were negative. The protein is 
coagulated at 65°-67° C. The results of 
elementary chemical analysis of papilloma- 
virus protein which was ultracentrifuged 
five times, in percentages of dry weight 
are: C, 49.56; H, 7.15; N (Dumas), 14.99; 
N? (Kjeidahl), 14.5; P, 0.944; S, 2.2; ash, 
2.5; and acetone-soluble material, 3.2. 
The concentrate for this analysis was dia- 
lyzed against ciistilled water overnight, 
precipitated with acetone, and washed 
with ether. It was dried in vacuo over P;O; 
at 50°. The acetone and ether were 
evaporated to give the estimate of acetone- 
ether-soluble material indicated. These 
results show that the concentrates are 


2 Material for this analysis was precipitated with tri- 
chloracetic acid and dried over POs. 
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essentially protein in nature without con- 
jugated polysaccharide. The significance 
of the small fat content is questionable; 
the value may indicate the presence of fat 
as an integral part of the material but may 
represent only a residual component carried 
over from the original wart tissue. 

The protein is soluble in 0.05 M phos- 
phate buffer or NaCl solution. Precipi- 
tation occurs when the salt content is 
lowered to 0.005M, and the protein with 
the infectivity can be sedimented in the 
angle centrifuge. With increase in salt 
concentration, the precipitate dissolves, 
and the solution possesses the _ initial 
infectivity. The isoelectric point of the 
protein, determined with the Northrop- 
Kunitz cell, lies at about pH 5.0, and here 
the protein precipitates rapidly, carrying 
the infectivity with it. When the pH is 
lowered to 4.2 or raised to about 6.0, the 
protein redissolves, and the solution is fully 
infectious. 


INFLUENCE OF HyDROGEN-ION ACTIVITY ON 
INFECTIVITY AND MOLECULAR STABILITY 


The pH stability of infectivity deter- 
mined by titration and that of the protein 
examined with the analytical ultracentri- 
fuge (/7) are shown in figure 3. The 
stability range of infectivity is between pH 
3.0 and 7.5 with the optimum in the region 
of the isoelectric point. Infectivity is de- 
stroyed immediately at pH 2.5 to 3.0 and, 
as shown by the analytical 


increase in pH than after comparable de- 
creases in pH on the acid side. Decrease in 
infectivity resulting from the action of alkali, 
however, is not accompanied by sudden 
change in the sedimentation constant. 
Noninfectious solutions near pH 10 gave 
the usual constant; disintegration occurred 
slightly above pH 10 to yield unsedimen- 
table material and a noninfectious homo- 
geneous product with s5.=ca. 129 
cm. sec.~' dynes~', while at pH 10.7 further 
splitting gave a lighter derivative with 
30 10- cm. sec.~! dynes. 


OccURRENCE AND YIELD OF THE PROTEIN 


The yield of papilloma protein from 
different batches of cottontail rabbits is 
widely variable. The range observed has 
extended from 1 mg. of protein per gram of 
highly infectious naturally occurring warts 
to 0.008 mg. per gram of warts of low 
infectivity obtained by experimental inocu- 
lation of cottontail rabbits. No trace of 
the characteristic concentrate has been 
obtained from noninfectious domestic- 
rabbit warts despite repeated examinations 
of both fresh and glycerolated growths. In 
such experiments the ultracentrifugal frac- 
tions which should have contained the 
protein were water clear and completely 
devoid of it. It should be emphasized that 
in noninfectious extracts, either from 
cottontail- or domestic-rabbit growths, 
there is no material yielding any evidence 


ultracentrifuge, degradation 
of the protein occurs at pH 
2.8 to yield noninfectious 
disintegration products con- 
sisting of light, unsediment- 
able material ana a homo- 
geneous macromolecular 

tein with sy.=ca. 20010" 
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47200 


cm. sec.~' dynes~'. In alka- 
line solution, infectivity di- 
minishes more slowly with 


3 4 5 7 9 10 2 


Ficure 3.—pH stability of papilloma-virus protein determined by 
infectivity (solid line) and sedimentation constant (broken line). 
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of homogeneity in ultracentrifugal 
range used for purifying the virus protein. 
In this respect interpretations of the 
findings are not clouded by the presence 
of complicating normal-tissue components 
sedimenting with the virus as in the 
instances of the purification of the Rous 
sarcoma virus (9) and the equine en- 
cephalomyelitis virus (/8). The early 
experiments made to measure the relation 
between the infectivity of the original 
extracts and the yield of protein were too 
crude to make possible an unequivocal 
statement of the degree of parallelism. 
Experiments made recently with methods 
suitable for the quantitative estimation of 
virus infectivity show, however, that in- 
fectivity of the purified material is directly 
proportional to protein mass. The find- 
ing of a homogeneous material only in the 
presence of virus manifestation lends great 
emphasis to the probable identity of the 
virus with the protein concentrate. This 
was substantiated by other experiments 
in the series showing the general depen- 
dence of virus integrity on the physical and 
chemical state of the protein concentrate. 


ESTIMATION OF PURIFIED PAPIL- 
LOMA-VIRUS INFECTIVITY 


An obviously important phase of the 
study of viruses in general is that concerned 
with the quantitative determination of in- 
fectivity or the measure of that capacity of 
the agents which enables them to become 
established and to increase in susceptible 
host tissue. Values obtained in quantita- 
tive studies on infectivity may be relative 
or absolute. In the former instance the 
respective infectious capacities of two prep- 
arations may be compared in the same 
host as, for example, when a treated virus 
material is inoculated in a group of 
animals which likewise receive an un- 
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treated or control virus preparation. The 
values observed, though perhaps accurate, 
have quantitative meaning only with 
respect to the one experiment, and direct 
comparison of the results in one set of 
experiments with those of another can be 
made only if some means is at hand for 
maintaining a “standard” control. With 
viruses this is difficult because of their 
lability. Furthermore, even if a standard 
control preparation were available, the 
usefulness of data obtainable with it would 
still be sharply limited. It should be 
emphasized that a concept of quantitative 
infectivity involves consideration of the 
relation between virus effect and virus 
mass. <A value describing this relation has 
meaning that is absolute only within the 
limits of the methods for determining effect 
and mass. Actually, knowledge of the 
relation between effect and mass is still not 
enough. The various viruses are definite 
physical entities which differ in size, 
specific gravity, etc., and thus with respect 
to the number of virus particles per unit 
mass. With present knowledge, then, the 
problem of estimating absolute virus 
infectivity consists in a consideration not 
only of mass but also of the number of 
virus particles concerned. 

Studies were made on the purified papil- 
loma-virus protein from this point of view. 
The chief objective to begin with was to 
see whether or not the purified product 
would exhibit a uniferm behavior with 
respect to infectivity and, if so, to deter- 
mine the relation between effect and mass. 
Experience soon showed that the pro- 
cedures ordinarily employed for papilloma- 
virus titration were wholly inadequate to 
provide data suitable for quantitative 
interpretation. It then became necessary 
to direct attention to the development of 
a procedure for infectivity estimation. 
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RELATION OF INCUBATION PERIOD TO 
Virus Mass 

The response of dcmestic rabbits to the 
purified papilloma virus is highly variable 
as illustrated in table 2 in the results ob- 
tained by the inoculation of twofold dilu- 
tions of the protein in the 2 sides of each 
of 12 rabbits. While a completely refrac- 
tory animal has not been observed, some 
rabbits develop small abortive lesions only 
with relatively concentrated materials and 
in some animals all warts frequently retro- 
gress early. With high dilutions the 
induced papillomas are small, widely 
scattered, and they frequently retrogress 
before an unequivocal diagnosis can be 
made. The usual method of papilloma- 
virus titration consists in the inoculation 
of graded dilutions of it into domestic 
rabbits, and infectivity is described in 
terms of titer or the highest dilution caus- 
ing lesions. Preliminary studies of papil- 
loma-protein infectivity made with this 
end-titer method yielded only discourag- 


ing results. The findings were then 
examined with the statistical procedure 
suggested for vaccinia virus by Parker 
and Rivers (79). This method, of a sort 
commonly used for numerous biological 
assays, consists in the statistical study of 
the frequency distribution of test-animal 
responses to inocula of graded virus con- 
tent. As the most stable point of reference 
in expressing degree of infectivity, the 
50-percent point is chosen. This corre- 
sponds to that virus inoculum inducing 
lesions at half the number of sites inocu- 
lated and no lesions in the remainder of 
the spots. It was soon found that this 
procedure was but little more useful than 
end-point titer under the practical condi- 
tions for routine quantitative work with 
the papillema virus. 

Further analysis of the findings, however, 
revealed a relation which has furnished a 
means for the quantitative estimation of 
papilloma-virus infectivity with a high 
degree of expected accuracy. It has been 


Tasie 2.—Occurrence of lesions from a series of identical inocula in the left and right sides of 12 test rabbits 


Rab- pl 
bit Side 
No. 5.0 | 53 | 56 | 59 | 62 | 65 | 68 | 7.1 | 74] 7.7 | 80 | 83 | 86] 89 | 92 | 9.5 
jLeft + i + + 
22 \ Right + +) +) + + 
16 {Left + + + 
(Right | + Not inoculated + + | + |------|------ 
@1t__ on 
eft__ + + 
Right | + 4 +/+} +) + 
17 Left. t || {+ +/+] +) 4+) + 


) Arranged in order of response. 
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a common observation (/) that the inocu- 
lation of crude papilloma-virus extracts 
leads to the induction of growths after 
varying periods of time. It has been noted 
that this time interval, the incubation 
period, bears a relation to the amount of 
virus used. In the present experiments 
with the purified virus this relation has 
been found to be quantitative, and a basis 
has been established for the estimation of 
infectivity by means of it (20). 

For quantitative studies on the infectivity 
associated with the protein, it is necessary 
first to have a method for the estimation of 
protein mass. The purified protein con- 
tains 15 percent nitrogen, and this prop- 
erty has been made the basis for protein 
assay. For this the photoelectric colorime- 
ter (27) has been used for the determination 
of protein by turbidity measurements. 
Micro-Kjeldahl analyses were made on 
several batches of protein, and aliquot 
parts of the same materials were diluted 
with 0.9 percent NaCl solution and pre- 
cipitated with hot 5 percent trichloracetic 
acid. Measurements of the turbidity de- 
veloped were made in the photoelectric 
colorimeter using a standard consisting of 
a 1.0-percent solution of copper sulphate 
(CuSO,. 5 H,O) in 0.25 M_ sulphuric 
acid. By relating the results of turbidity 
measurements with those obtained in 
nitrogen analysis, a method was available 
for assays involving practical amounts of 
the protein. 

The experimental technique for infec- 
tivity tests was the same as that usually 
employed for the papilloma virus. The 
animals were domestic rabbits of brown, 
gray, or agouti breed. Small areas about 
1 inch square were shaved on the sides and 
abdomen, these regions accommodating 
about 24 spots. For the inoculations the 
areas were scarified with fine sandpaper, 
and into them the desired inoculum of 


0.1-cc. volume was rubbed with the rounded 


end of a small sterile test tube. The animal 
was held quiet until the sites were dry; 
small squares of sterile gauze were placed 
carefully over each spot and fixed with 
adhesive tape. A large square of sterile 
gauze was then placed over the whole area 
and fastened over the back with tape. The 
whole was protected with a jacket re- 
tainer with holes for the front legs and tie 
strips for fastening over the back. Rou- 
tinely the coverings were removed on the 
seventh or eighth day following inocula- 
tion. The areas were examined thereafter 
at intervals of 2 or 3 days. 

Protein solutions prepared in the usual 
way were diluted with 0.9 percent NaCl 
solution to contain 0.1 mg. protein per 
1.0 cc. This solution constituted the 
standard or stock, and inocula were pre- 
pared by consecutive twofold dilution 
with 0.9 percent NaCl solution. For the 
individual inoculations, the volume of 
protein solution was always 0.1 cc., and 
protein concentration is given as grams 
per 0.1 cc. The expression initially used 
in referring specifically to inocula was 
“log grams protein per inoculum.” The 
term proved cumbersome, and it was sug- 
gested to us that the expression “log grams 
protein per inoculum” be treated in much 
the same way as hydrogen-ion concentra- 
tion by employing the symbol pI to repre- 
sent the logarithm of the reciprocal of the 
number of grams of protein per inoculum. 
Thus, if a given inoculum contains 107°* 
gm. protein, this value is indicated by pl 
5.3. In order to provide in advance a 
means for correlating the present results 
with those of studies on unpurified virus, 
certain of the findings and calculations 
have been expressed in terms of dilution 
(log dilution) as well as protein value. 
Consistency is maintained by the use of 
the symbol pD to designate the log of the 
reciprocal of the dilution. The dilution 
1:2 or dilution 10~°* in this way becomes 
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simply pD 0.301. It should be noted that 
whereas pI is an expression representing 
absolute quantity, pD represents relative 
values only. 

The relation of incubation period to 
protein amount is shown in the combined 
results of 4 separate experiments. In each 
experiment a different batch of protein 
was employed, and in each instance the pl 
of the lowest dilution was the same, namely 
5.0. A total of 497 inoculations in 30 
rabbits resulted in the induction of lesions 
in 376 areas. The combined data of the 
4 experiments have been analyzed statis- 
tically to learn the nature and degree of 
correlation between incubation period and 
quantity of protein inoculated, or pI. The 
data have been classified according to pl, 
and observations on the incubation period 
have been grouped in class intervals of 
2 days. The relation is shown in table 3. 
The data show a high correlation of incu- 
bation period with pI, which is confirmed 
by the high value of the correlation coeffi- 
cient, r=0.849+0.015. The high value of 
the coefficient and the relatively small 
value of its standard error definitely indi- 
cate that the mean incubation period is a 
function of protein concentration. 


To establish a definite mathematical rela- 
tionship, it is necessary to determine the 
nature of the regression, that is, whether it 
is linear or whether it follows some other 
curve. That the relation is linear is shown 
by the close correspondence of the correla- 
tion coefficient r= 0.849 and the correlation 
ratio »=0.850 (calculated from incuba- 
tion-period variables); the difference, 
—r=0.002 + 0.003, is less than 2 times its 
standard error and hence well within the 
limits of chance variation. In figure 4 the 
grouping of observed mean_ responses 
about the straight line (AB) drawn by the 
method of least squares further illustrates 
this linear relationship. Of major im- 
portance was the finding that the linear 
relation existed over the entire range of all 
protein quantities employed, that is, from 
10-5 gm. (pI 5.0) to the smallest 
quantity, 10-°°" gm. (pI 9.515) giving 
lesions. 

The incubation-period relation may be 
applied in two general ways to the estima- 
tion of infectivity. The first of these con- 
sists in the use of the quantitative relation 
as a standard of reference for comparison 
with results obtained with an unknown 
material. This is permissible so long as 


TasLe 3.—Correlation of incubation period with papilloma protein—combined data of four experiments 


pl 

= = 22 

Days 
+10 12 12. 5.000 
11-12 1s 6 2 26 «5. 116 
13-14 7 4 3 = 2 16 5.376 
15-16 5 3 3 30 783 
17-18 4 4 14 ll 5 2 = 56 «6. 371 
19-20 l 5 5 9 9 7 9 10 6 1 7 62 7.029 
21-22 = 1 2 8 9 13 6 5 8 1 1 54 | 7. 185 
23-24 1 ‘i 1 9 9 14 7 4 3 48 7.326 
25-26 asia 1 1 3 5 3 4 2 1 20 7.920 
‘ 2 1 f 6; 5 3 24 | 7.99% 
29-30. 1 2 5 5 3 3 22 «7.970 
31-32 : 1 1 1 1 4 8.913 
33-34 ‘ 1 9. 364 
Total 42 18 18 18s 18 42 39 39 40 34 33 17 6 7 3 2 «376 


Means of arrays 


11.7 14.6 15.4 (17.8 18.2 18.6 20.5 21.9 23.0 23.1 24.3 25.8 26.8 (28.9 30.2 32.5 
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DAYS 


INCUBATION PERIOD 
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Ficure 4.—Observed means of arrays and calcu- 
lated regression lines from data of table 3. Line 
AB (calculated) and circles (observed means) 
show the regression of incubation period on pro- 
tein concentration; line CD (calculated) and 
triangles (observed means) show the regression 
of protein concentration on incubation period. 


the group sensitivity of the test-animal 
population remains uniform. 

The regression line AB of figure 4 is a 
standard dosage-response curve described 
by the straight line equation, 


(1) y=at bx, 


where y represents the average latent 
period, in days, corresponding to any dose 
x, in terms of pI, and where a and ? are 
constants for a given standard curve. The 
analysis of data when the response curve 
is linear has been discussed at length by 
Irwin (22). The constancy of the slope 
of the standard response curve as deter- 
mined in the present work is evidenced 
by the relatively small standard error of 
the regression coefficient 6=4.096 + 0.26, 
a standard error of + 6.4 percent in slope. 
This standard can be useful directly only 
with recognition of the variations inherent 
in such standard curves, caused for instance 
by random sampling, as indicated by the 
standard error of the regression coefficient, 


and by differences in populations of test 
animals. Considered as a standard for 
reference, the curve can be used either 
graphically or algebraically. 

For the graphic application when serial 
dilutions of unknown or test materials are 
inoculated in the usual way, a response 
curve can be constructed by the method of 
least squares from the weighted mean incu- 
bation periods of the various dilutions. 
The line thus obtained may then be com- 
pared directly with the predetermined 
standard curve, in this instance that of AB 
in figure 4. The test line obtained will 
possess, within the limits of random sam- 
pling, the same slope as this line but may 
be displaced horizontally from it. The 
horizontal distance between the standard 
curve and that of the unknown represents 
the logarithm of the potency ratio. The 
same result may be obtained more readily 
by the use of a nomogram (fig. 5), repre- 
senting a family of parallel lines correspond- 
ing to different standard dosages for con- 
stant dilutions. The test response curve 
may be located on the nomogram, and the 
position between standard oblique lines 
interpolated; or the mean incubation period 
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Figure 5.—Relation of incubation period to 
papilloma protein concentration and to the 
frequency of positive inoculations (y=a+ 4.096 
pI, where y=incubation period in days). The 
lower horizontal line represents the relations con- 
cerned with the complement-fixation unit of 
the protein. 
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of all dilutions giving lesions and the 
corresponding mean dilution may _ be 
plotted as coordinate points and _ inter- 
polated in like manner. 

Use may also be made of the equation 
for the standard response curve for alge- 
braic comparison. In the present case this 
equation is 


(2) Incubation period = —7.768 4-4.096 pl. 


The mean incubation period determined 
by observation on the results of inoculation 
of successive dilutions of the test material 
may be substituted in the equation above, 
and the pI of the corresponding mean dilu- 
tion calculated. 

For more accurate work the second 
general type of application may be used. 
Variations in susceptibility of test animals 
which shift the line horizontally to the left 
or right, as illustrated in a subsequent 
section, may be ruled out by simultaneous 
inoculation of both standard (prepared on 
the basis of protein determinations) and 
test materials in the same rabbits. In this 
case both the standard and test responses 
are determined, and the potency ratio be- 
tween them established through substitu- 
tion in the equation 


‘ potency of test 
potency of standard 


(3) Log —pD, 


where pD, and pD, represent the respective 
mean dilutions of standard and unknown: 
y, and y» the corresponding observed mean 
incubation periods in days; and 6 the slope 
of a previously determined standard curve 
such as AB of figure 4. The pI of the 
standard inoculum being known, that of 
the test material is therefore readily calcu- 
lable. The significance of the difference 
between responses may be determined by 
usual statistical procedures from the results 
of each assay or from previously determined 


standard deviations of standard response 
curves (cf. Irwin (22)). 

Typical findings with this method and 
comparison of results with other proce- 
dures may be illustrated in a specific 
instance. The experiment consisted of 2 
simultaneous assays of the same material, 
one on each side of the body, in a group of 
12 rabbits. The response of the 12 ani- 
mals with respect to positive inoculation 
sites is shown in table 2. On the basis of 
incubation periods of all lesions with the 
various dilutions employed in the 12 
animals, an analysis was made comparing 
the response observed on one side of the 
body with that of the opposite side. The 
response curve for each side was calcu- 
lated by the method of least squares 
giving appropriate weight to the mean 
incubation period for each dilution. 
These lines are shown in figure 6 and com- 
pared as described above. It will be ob- 
served that the 2 lines have essentially the 
same slope but are separated by a mean 
horizontal distance corresponding to the log 
ratio 0.030, or a difference of 7.2 percent 
in protein concentration as estimated from 
the 2 sides of the same animals (table 4). 
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Figure 6.—Incubation-period response curves 
from right and left sides of rabbits (table 2) 
calculated by the method of least squares. 
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TaBie 4.—Difference in apparent infectivity of identi- 
cal inocula as measured by various procedures in 
opposite sides of 12 rabbits (table 2) and in subgroups 
of low and high response, A and B, respectively, of the 
same rabbits 


Procedure 


Left es Groups A and B 
Method of 


comparison 


per- Mean S)-per- Mean 
tion cent end tion centend en? 
- i 
period ae titer period point titer 
Log potency 
ratio 0.080 0.272 0.250 0.224 1.046 1.013 
Potency ratio 1.072 LS70 L778 1.675 11.117 10.292 
Percent differ- 
ence 7.2 «87.0 (77.8 67.5 (1,011.7 (929.2 


From table 2 it is seen that the positive 
inoculation response of individual animals 
varies over an extremely wide range. If 
rabbits 23, 22, 21, and 16 are considered 
as a separate group (A) and compared with 
rabbits 15, 13, 14, 17, as a second group 
(B), extremes of response in the present 
instance are obtained. The incubation- 
period response curves for these two groups 
are compared in figure 7. Again the slopes 
of the two lines are almost identical, but 
the lines are separated by a greater hori- 
zontal distance than in the preceding anal- 
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Ficure 7.—Incubation-period response curves 
from groups A and B calculated by the method 
of least squares. 


ysis. Here the log ratio 0.224 corresponds 
to a difference of 67.5 percent in protein 
concentration as estimated in the two 
groups (table 4). Such variations in group 
susceptibility are probably extreme and 
unlikely to be frequent under conditions 
of random sampling. 

The results of this type of analysis may 
be compared with those concerned with 
end-point titer and with the 50-percent- 
point procedure suggested by Parker and 
Rivers (/9) for vaccinia. In the same 
experiment with the 12 rabbits of table 2. 
the mean end-point titer for inoculation in 
the left side was found to be pI 8.286 while 
that for the right side was pI 8.536, a 
difference of 77.9 percent in infectivity with 
the same material in the 2 sides. In com- 
paring the responses of the resistant group, 
A, with the more susceptible group, B, a 
large difference was observed. The mean 
end titer in group A was pI 7.850 and that 
of group B was pI 8.862, a difference of 
900 percent in the response of the 2 groups 
to the same material. 

Examination of the data was made also 
by means of the 50-percent-point proce- 
dure. The 50-percent-point inoculum for 
the left sides of the group of 12 rabbits was 
pI 8.215, and for the right side pI 8.487, a 
difference of 87 percent. The 50-percent 
respense of animals of group A was at pl 
7.829, and that for the susceptible group at 
pI 8.875, a difference of more than 1,000 
percent. These results with the different 
methods are summarized in table 4. 

The close correlation of the papilloma 
protein with incubation period demon- 
strated in the foregoing experiments has 
been corroborated in a large mass of data 
accumulated in numerous experiments 
described in subsequent sections of this 
paper. The relation has held consistently 
in results obtained with protein from num- 
erous different batches of warts. These ob- 
servations provide striking evidence both of 
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the uniformity of the infectious properties 
of the papilloma protein and of the high 
degree of accuracy to be expected through 
use of the incubation-period relation in the 
estimation of infectivity. 


CoRRELATION OF INCUBATION-PERIOD RE- 
LATIONS WITH THE 50-PERCENT-POINT 
Inrectious Unit oF PAPILLOMA PROTEIN 


Considerable stress has been placed on 
the comparison of results obtained with 
the incubation-period relation with those 
of end-point and 50-percent-point titra- 
tion cf the papilloma protein. In the 
experiments cited, it was evident that the 
incubation-period procedure furnished a 
much more accurate estimate of infectivity 
than did either of the other twc methods 
and this has been repeatedly corroborated. 
One point should be noted here, however. 
On an absolute basis, it cannot be said 
that the incubation-period method is more 
accurate than the end-point titer or 50- 
percent-point analysis. The reproducibil- 
itv of results with either procedure ob- 
viously depends on the conditions of the 
experiment. Foracivennumber of rabbits 
used in an experiment, far greater accuracy 
is to be expected frem the incubation- 
period analysis. On the other hand, an 
equal degree of accuracy might be obtained 
with the end-point titer or 50-percent- 
point estimation in a larger group of ani- 
mals. However, in the instance of the 
papilloma virus unless prcehibitive num- 
bers of animals are used, statistical analy- 
sis of these end-titer results shows that the 
observed mean values are not sufficiently 
reliable for quantitative work. Utilization 
of the 50-percent point for reference pro- 
vides larger numbers of applicable observa- 
tions than simple end-point determination 
and thus greater reliability in interpreta- 
tion, but here, too, the number of animals 
necessary is impractical for routine large- 
scale work. Quantitatively, then, the 


differences in the results with the different 
methods are entirely relative, but for 
routine experiments employing a_prac- 
tical number of animals, the incubation- 
period relation furnishes results of greater 
accuracy than do either the 50-percent- 
point procedure or end-titer determination. 

It is thus evident that the incubation- 
period analysis furnishes advantages over 
either the end-titer or the 50-percent-point 
procedure. A serious impediment tc the 
use of the incubation-period method alone, 
however, exists in the lack of a convenient 
unit or point of reference for the descrip- 
tion of infectivity. It could be said that a 
given preparation was a 13-day (incubation 
period) virus, or perhaps the standard 
regression line could be extended to inter- 
cept the incubation-period level corre- 
sponding to the period of the smallest 
amount of virus ever observed to give a 
lesion. Such consideration would be cum- 
bersome and would furnish no means for 
correlating the infectious properties of the 
papilloma virus with those of other filtrable 
agents. 

On the other hand, the 50-percent point 
has a common significance with respect 
to all viruses since this point is an estimate 
of the median, or an average quantity of 
virus required to just produce a lesion 
in the test-animal population under con- 
sideration. If, by the use of a large num- 
ber of test animals, the incubation period 
observed for the dose of virus which gives 
50-percent positive inoculation sites can 
be shown to be reproducible, within the 
limits of chance variation, then a standard 
relation between the 50-percent-point dose 
and its incubation period could be estab- 
lished empirically. Insofar as test-animal 
sensitivity is stable, therefore, the specific 
latent period of the standard 50-percent- 
point dose may be used along with the 
slope of the standard response curve for 
estimating the 50-percent dose of test mate- 
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rials on the basis of incubation period 
data alone. In the work described here, 
experiments were made (23) to determine 
in a suitable number cf animals the amount 
of protein giving the 50-percent point and 
to correlate this point, if sufficiently stable, 
with the standard-incubation-period rela- 
tions. 

Three groups of data have been analyzed. 
Two of these were the results of single 
experiments, and the third was obtained 
by combining observations in several 
experiments. 

In experiment 1 twofold dilutions of 
papilloma protein of pl 5.0 through 9.5 
were prepared from a single specimen of 
purified material. Inoculations of pI 5.0 
and of pI 6.5 through 9.5 were made in 
duplicate in each rabbit. The range pl 
5.3-6.2, inclusive, was omitted because of 
lack of space on the rabbits, but previous 
experience has shown this pI region to 
yield lesions consistently at every point 
inoculated. 

Experiment 2 was made in the same 
manner as the preceding, except that a 
different batch of protein was used. One 
of the twelve animals inoculated died 
before completion of the experiment. 


In experiment 3 are grouped the results 
of several series of inoculations of the lower 
pl values (higher concentrations of pro- 
tein). This compilation involved studies 
on 5 different batches of purified protein 
and included observations on 22 rabbits. 

In table 5 are shown the data of these 
experiments combined. Included are ob- 
servations on 7 different batches of protein 
in a total of 45 test rabbits in which from 
20-72 inoculations were employed for each 
pI. It is seen that the pI; for the com- 
bined data was 8.355. Analyses were 
made also for each of the 3 groups of data 
separately. The respective determined 
50-percent points were pI 8.353, 8.277. 
and 8.485. Within the limits of this small 
series of experiments, the extreme differ- 
ence was that between pI 8.277 and 8.485, 
a difference of 0.208, or approximately 
two-thirds of a dilution interval. 

The criterion employed in the present 
experiments for the estimation of papilloma 
protein was turbidity measurement, and 
thus the relation between the observed 
50-percent point and protein was estab- 
lished on this basis. The incubation- 
period relations previously described were 
likewise based on protein estimations made 


Taste 5.—Calculation of 50-percent point from combined data of three experimenis } 


Inoculations Accumulation 
Total Pe 
pl Rabbits | inocula- ———_______ 
Hons Positive Negative Positive Negative 
Number Number Number Number 

5. 000 22 25 25 0 550 0 100. 00 

5. 301 iy 22 22 “ 525 “ 100. 00 
5. 602 7 20 20 0 503 0 
5. 903 19 22 22 453 
6. 204 7 20 20 ” 461 0 
6. 505 37 63 63 “ 441 0 
6. 806 45 71 is 3 37s 3 
7.107 42 6s 63 5 310 s 
7.408 40 6 62 4 247 12 
7. 709 42 6s 5s 10 185 22 
8. 010 42 6s 5s 10 127 32 
8.311 33 5y 32 64 58 
8.612 16 40 37 
8.913 26 52 10 42 21 141 
9.214 29 55 7 46 Isy 
9.515 26 52 4 4s 4 237 

53.91 —50.00 


50-percent point =8.311+————— 
53.91—27.20 


(0.301) 8.355. 


or 
. = 
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by the same method. It follows that a 
quantitative relation exists between incu- 
bation period and the 50-percent point. 

The results show that the 50-percent 
point, as determined by analysis of the 
frequency distribution of positive and 
negative lesions, is a point of high prob- 
able stability under the specified standard 
conditions which include utilization of 
sufficiently large numbers of animals for 
adequate analyses. As such, it can be con- 
sidered as a standard and related directly 
to the standard incubation-period response 
curve. This is illustrated in figure 8. 
The 50-percent point, pI 8.355, found in 
the combined data of table 5, is located on 
the standard response curve at the level 
of the standard incubation-period response 
26.45 days, corresponding to the inoculum 
pI 8.355. On this curve, which was 
determined by experiments with known 
quantities of protein, the 50-percent point 
is located as a single point. On the stand- 
ard nomogram (fig. 5) representing graph- 
ically the series of standard response curves 
of materials of various initial strength, 
that is, zero dilution, the 50-percent-point 
relation can be shown in a line level 
corresponding to 26.45 days. 

From this standard relation, the pDs9, or 
dilution of a test material to be expected to 
give an equal number of positive and 
negative inoculations, can be calculated 
from incubation-period data obtained in a 
small group of animals without actually 
using the dilutions falling within the 
range necessary for direct determination. 
This can be accomplished algebraically 
or graphically. In an experiment with 
material of unknown potency inoculated 
in serial twofold dilutions, the mean dilu- 
tion, pD,,, corresponding to the mean incu- 
bation period y,, is determined. By sub- 
stitution in the equation 
26.45 


(4) 4.096 


the pD,) is derived. The standard nomo- 
gram may also be used. The response 
curve of the test material may be located on 
the nomogram of figure 5, and the dilution 
corresponding to the point where the test 
response curve intersects the standard 
50-percent-point response level is located 
graphically and the pD;,) learned by inter- 
polation. A better estimate would be 
obtained by plotting the mean incubation 
period and the corresponding mean dilu- 
tion as coordinate points on the nomo- 
gram and drawing a line through the point 
parallel to the standard response curves. 
The pD at the intersection of this line 
with the standard 50-percent-point level 
is the pDsp. 


EsTIMATION OF MEDIAN INDIVIDUAL 
EFFECTIVE Virus DosE 


If the 50-percent point is accepted as a 
stable point, which it has appeared to be 
under present conditions, it can be used 
for the numerical expression of potency or 
infectivity of given tested papilloma-pro- 
tein preparations. The 50-percent point, 
implying a definite relation of quantity 
to response, can be considered a standard 
unit for describing infectivity. In the 
present instance, this infectious unit cor- 
responds to pI 8.355. It should be em- 
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Ficure 8.—Relation of positive inoculations to the 
standard incubation-period response curve 
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phasized that the symbol pl implies not 
only a given quantity of protein but indi- 
cates that this quantity is included within 
a definite standard volume. A 50-percent- 
point infectious unit of papilloma protein 
is then 10-* 5 om. of protein in 0.1 cc. 
of inoculum. In view of the relations es- 
tablished between this unit and the incu- 
bation period, the potency of materials 
investigated by means of the latter rela- 
tion can be expressed in terms of infectious 
units. The number of infectious units 
present in the mean dilution, pD,,, cor- 
responding to mean incubation period, jp, 
can be determined by substitution in the 
equation, 


(5) Log infectious units (at pD,) 
or 


(6) Log infectious units (at pD,) 
4.096 


The 50-percent-point values which can 
be thus calculated will be subject to the 
same degree of variation as that inherent 
in the determination of incubation-period 
response curves in different groups of test 
animals. The limits of variation, then, 
are the same as those for variations in 
observed incuhation-period response curves 
about the standard curve for a given popu- 
lation of test animals. 

The size of the papilloma protein mole- 
cule or elemental unit has been estimated 
from the results of centrifugation and of 
filtration. By the former method, Beard 
and Wyckoff (/0) considered its diameter 
to be about 40 millimicrons while Schles- 
inger and Andrewes (2/) gave the values 
32-50 my. By means of ultrafiltration 
the latter authors arrived at the values 
23-35 my. If the outside limits of the 
diameter estimated by Schlesinger and 
Andrewes, 32-50 my, obtained by assum- 


ing the specific gravity of the virus particle 
to be 1.3 or 1.4 are averaged, the value 
found is 41 mp. The value, 40 my, has 
been chosen for the present purpose. 

Assuming the specific gravity of the 
papilloma protein molecule to be 1.4, the 
weight of the molecule of 40 my diameter 
would be 107'*** gm. The 50-percent- 
point infectious unit, pI 8.355, therefore, 
would consist of about 94,000,000 mole- 
cules of papilloma protein per 0.1 cc. 
inoculum. 


HOST INFLUENCE IN CHARAC- 
TERIZATION OF RESPONSE TO 
PAPILLOMA PROTEIN AND TO 
VACCINIA AND INFECTIOUS 
MYXOMA VIRUSES 


In the preceding discussions infectivity 
of the papilloma virus has been considered 
essentially from the point of view of the 
virus. It should be remembered, however, 
that neither the qualitative nor the quan- 
titative manifestations of infectivity are 
referable to properties of the virus alone. 
In the infectious process; both virus and 
host participate in mutual interactions to 
characterize the final result. Indeed, 
biologically, virus effect is recognizable 
and measurable for the most part in terms 
of host response rather than on the basis of 
criteria applicable to the virusalone. That 
host influence is of paramount significance 
in the characterization of response to vi- 
ruses has long been recognized. From this 
point of view it is clear that the concept of 
degree of infectivity should include proper 
consideration of both host and virus factors. 
In the instance of the papilloma virus, 
under the standardized conditions of the 
experiments the 50-percent-point infectious 
unit is about 94,000,000 molecules. From 
this result one could consider the papilloma 
virus to be of low infectivity. On the other 
hand this result was found under a given 
set of conditions and constitutes a measure 
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of the mean interaction of the virus and a 
particular host, the domestic rabbit. The 
experiments have shown that the purified 
papilloma virus is a material of uniform 
behavior, that is to say, a uniform propor- 
tion of the individual molecules in the 
various preparations must possess infec- 
tious properties. To bring about a given 
effect in the domestic rabbit a large num- 
ber of molecules of uniform behavior act- 
ing together are necessary. On this basis, 
it is evident that the quantitative aspects 
of the 50-percent-point infectious unit are 
actually as much a measure of the suscep- 
tibility or resistance of the domestic rabbit 
as of the infectious properties of the virus 
unit itself. 

As has been shown, individual domestic 
rabbits vary greatly in their response to 
inoculation with the papilloma virus, though 
the mean response of various groups of 
animals is highly uniform. These differ- 
ences in individual virus-host interactions 
considered as a whole constitute a pattern 
of response. In the experiments already 
described, the mean effect of the virus, or 
conversely the mean response of the host, 
has been determined through standardiza- 
tion of host conditions through the use of 
large numbers of animals. In this section 
of this paper are considered the participa- 
tion or the influence of host factors or diff- 
erences in the characterization of the 
response pattern to standardized prepara- 
tions of purified virus. Much of the in- 
terest in this phase of the problem has arisen 
through findings by Parker (25) in studies 
on vaccinia virus. Interpretations of the 
results with the papilloma virus are greatly 
dependent on analysis of Parker’s results 
with vaccinia, and for this reason the re- 
sults obtained with both vaccinia and the 
papilloma viruses are described together. 
An analysis has been made also with data 
on the virus of infectious myxoma recently 
reported by Parker (26). 

299967—41——4 


CHARACTER OF DosE-FREQUENCY-RESPONSE 
Curves TO VaccINA AND Myxoma 
Viruses IN RELATION TO RESPONSE TO 
PAPILLOMA VIRUS 


In investigating quantitatively the infec- 
tivity of purified preparations of vaccinial 
elementary bodies, Parker and Rivers (79) 
examined the frequency distribution of 
positive and negative inoculations with 
graded numbers of the bodies. Plotting 
the percentage occurrence of lesions ap- 
pearing at those sites receiving a given 
inoculum against the number of elemen- 
tary bodies present in the inoculum, a 
response pattern in the form of an S-shaped 
distribution curve was obtained. In a 
subsequent study of this curve Parker (23) 
noted its resemblance to Poisson curves 
relating to the distribution of small par- 
ticles in suspension. The curve with 
vaccinia virus was found to be more nearly 
like the Poisson prediction of the distribu- 
tion of one or more particles than any 
other of the series. Wholly on the basis 
of this resemblance, Parker advanced the 
concept that a single vaccinial elementary 
body constituted an infectious unit of the 
virus and that the character of the S- 
shaped curve was thus due entirely to the 
presence or absence of virus particles in 
the inocula or, in other words, to factors 
concerned with the virus alone. 

In the work concerned with the deter- 
mination of the 50-percent-point infec- 
tious unit of papilloma virus, the frequency 
distribution of positive and negative in- 
culations was studied. When the results 
were expressed graphically, S-shaped 
curves were obtained, and analyses of the 
distribution by the procedure used by 
Parker revealed a very close resemblance 
between: the findings with the papilloma 
virus and those with vaccinia virus. This 
is illustrated in the results of a typical 
experiment. 
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POSITIVE 


PERCENT 
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Figure 9.—Relation of observed frequency 
points to calculated theoretical curve expected, 
if a single virus particle causes infection. Data 
of table 6. 


For this the results obtained with the 12 
rabbits of table 2 were used. These ani- 
mals were inoculated with twofold dilu- 
tions of protein of pI 5.0 and 6.5 through 
9.5. Inoculations of each dilution were 
made in duplicate in each animal on 
both sides of the midventral line. The 
range pl 5.3-6.2, inclusive, was omitted 
because of lack of space on the animals, 
but previous experience had shown this 


Tasie 6.—Data of the experiment of table 2. 


region to yield lesions consistently at every 
site inoculated. 

The observed frequency distribution of 
positive and negative inoculation sites is 
given in table 6 and shown graphically in 
the points of figure 9. In table 6 are given 
also the theoretical frequencies calculated 
from the Poisson law. If 50 percent of the 
unit volumes taken from a given prepara- 
tion (here the dilution corresponding to 
the 50-percent point) contains no parti- 
cles at all, it can be determined from the 
Poisson law that the mean number of par- 
ticles per unit volume of this preparation 
is 0.69. From this relation the theoretical 
frequencies for the various other dilutions 
can be found. These theoretical frequen- 
cies, calculated on the assumption that 1 
molecule of papilloma protein causes in- 
fection, are compared with the observed 
frequencies in table 6. The theoretical 
curve corresponding to the calculated 
frequencies is shown in the broken line of 
figure 9. 

The observed points fall fairly close to 
the theoretical curve. If one considers 
only the positive frequencies, as did Parker, 
and calculates the x’ for goodness of fit, 
it is seen in this experiment that the proba- 


Comparison of observed with theoretical frequencies 


Inoculations 
Inocula- | Positive Negative 
| | | ‘ | 
| Observed |Theoretical | Observed ‘Theoretical 
| (49) | (77) Ir (Y%) (Yr) 
| | 
Number | | | 
6.5 24 24 24. 00 0.00 | 0 0.00 
6.8 | 24 21 24. 00 37 3 . 00 
7.1 24 21 24.00 .37 3 . 00 
7.4 24 23 23.97 .04 1 . 083 9.04 5. 36 
7.7 24 21 22. 97 3 
8.0 24 19 19. 02 . 00 5 
8.3 24 13 13. O08 00 ll 
8.6 24 6 7.82 -42 18 
8.9 24 6 4.29 . 68 | 18 
9.2 24 3 2. 25 .25 21 
9.5 24 2 1.15 .63 22 
x?=2.93 


P=0.98 
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bility of a worse fit occurring by chance 
than that actually found is quite high. 

Similar findings in other experiments 
with the papilloma protein parallel those 
reported for vaccinia virus. With both 
viruses conformity of the observed with the 
theoretical frequencies appears probable, 
and it could be concluded with equal as- 
surance for both that the character of the 
distribution is determined by the chance 
presence or absence of virus particles in the 
inocula. 

Despite the evident conformity of the 
observed results with the theoretical fre- 
quencies, this concept, nevertheless, seems 
unsatisfactory. In the exclusion of all 
possible host participation in determining 
the character of distribution, the hypothe- 
sis is contrary to general experience. 
Further, it is at variance with direct ob- 
servations on the infectivity of the vaccinia 
and papilloma viruses. For the former, 
infectious units of about 1,000, 300, and 4 
elementary bodies, respectively, have been 
observed in studies (27-29) with different 
strains of virus. On the basis of virus 
particle number the magnitude of the 
discrepancy between theory and observa- 
tion in the instance of the papilloma virus 
is of the order of 10*-10° times that for 
vaccinia. While it might be possible, 
though somewhat remotely so, to explain 
the findings with vaccinia on the basis of 
inhomogeneity of preparation, the uniform- 
ity of infectivity results renders such an 
explanation entirely untenable in the in- 
stance of the papilloma virus. 

In seeking an approach to an explana- 
tion of the differences between theory and 
experimental findings (30), the results with 
both vaccinia and the papilloma viruses 
were analyzed further. Parker's interpre- 
tation of his results rested on the similarity 
of the theoretical to the observed distribu- 
tion when the conformities of the two were 
tested on the basis of percentage of positive 


inoculations alone. On the other hand. 
when the x? of both positive and negative 
inoculations were combined as suggested 
by Haldane (3/), the values of P in Parker’s 
four experiments (25) were 0.73, 0.71, 
0.006, and <0.001, respectively. Thus in 
two of his experiments the deviation of 
observed from theoretical results was be- 
yond the limits of chance variation since 
in both P was less than 0.01. In the find- 
ings with a similar examination of the 
papilloma virus, a consistent deviation was 
observed in individual experiments which 
assumed significant proportions only when 
several experiments were combined. This 
is illustrated in table 7 and figure 10. It 
should be noted that such a combination 
of the data from several experiments is 
permissible since the pI of papilloma virus 
of the respective inocula was the same in all 
experiments. 

An obvious solution to the problem 
existed in the possibility that the distri- 
bution might not be a Poisson curve at all 
but might be owing to factors other than 
those related to the virus alone. It seemed 
likely that any hypothesis suitable for the 
prediction of the course of infection, such 
as the frequency distribution of positive 
and negative inoculations, should include 
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Ficure 10.—Observed frequency (represented by 
points through which the solid line was drawn 
by inspection) and theoretical curve (broken 
line) expected if one virus particle causes 
infection. Data of table 7. 
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Tasie 7.—Combined data of three experiments 


Inoculations 
Inocula- Positive Negative d 
Observed Theoretical Observed Theoretical 
(ry) (ry) (Uy) 
Number 
5.0 25 25 25. 00 0.00 
5.3 2 22 22.00 00 
5.6 2 20. 00 0 
22 22 22.00 0 
6.5 63 63. 00 0 
6.8 71 71.00 0.00 3 14.28 
7.4 tii #2 65. 86 4 .14 
7.7 as 4.91 3.09 
tin 53. 53 10 14.47 
8.3 Sy 32 32. 75 .02 27 26.25 75 4 
s.6 17.4 .21 40 38. 1.4 31 
52 Ww 9.13 0S 42 42.87 S7 1 
9.2 AS 5.07 4s 49.93 1.93 SI 
a5 244 1.00 4s 1. 56 1.08 
x°=3.73 
P=0.92 P=0.01 


consideration of both host and virus factors. 
Such has been found to be the case in the 
study of biological response to materials 
other than viruses, chiefly drugs, in which 
the results have been found to follow 
certain well-defined laws. 


NorMAL DiIsTRIBUTION OF VARIATIONS IN 
Host SusceptTisBitity IN RESPONSE TO 
VACCINIA AND Myxoma VIRUSES 


Burn (32) has pointed out that with 
biological responses which are measurable, 
the relation between the logarithm of the 
dose and the mean effect in a group of 
animals is usually linear. Such a linear 
relation between incubation period and 
logarithm of dose has already been demon- 
strated for the papilloma protein. When 
the response is all or none, such as death 
or survival, presence or absence of lesions, 
etc., there is a range of deses which have 
no effect on any animal, a range in which 
each dose is effective in every animal, and 
an intermediate range in which the per- 
centage of pesitive responses increases with 
the dose. When the logarithm of dose is 
plotted as abscissa against percentage re- 
sponses as ordinate, an S-shaped response 


curve is obtained, the slope of which is 
constant for a given material and a given 
population of test animals. The character 
of S-shaped dose-mortality curves obtained 
with certain drugs has been attributed to 
variations in animal response. Behrens 
(33) studying the effect of strophanthin in 
frogs found that variations in the lethal 
dose followed a frequency distribution re- 
sembling a normal curve. By expressing 
the class frequencies as percent and ac- 
cumulating the latter from the lower 
toward the higher doses, an S-shaped 
“integrated percentage frequency” curve 
was obtained (32) which was identical 
with a dose-percent response curve ob- 
tained by Trevan (3/4). Commenting 
upon this finding. Burn states, “It is evi- 
dent from the agreement that Trevan’s 
dose-mortality curve is to be explained as 
an integrated frequency curve.” The pos- 
sibility exists that the character of the 
dose-response curves for both vaccinia and 
the papilloma protein may be determined. 
not by the chance presence or absence of 
virus particles in inocula, but rather by 
variations in the response of test animals. 
This possibility has been examined on the 
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assumption that the dose-response curves 
observed with these viruses are integrated 
frequency curves. 

When variations in animal response 
follow a normal frequency distribution, a 
straight line relation exists between the 
logarithm of dose and “normal equivalent 
deviation” (35). The latter is obtained 
by converting the observed percentage 
response into the deviation on a normal 
frequency curve to which the percentage is 
equivalent. An example of the conversion 
of Parker’s data is illustrated in table 8. 
These data were taken from Parker (25, 
table 7). From the number of inoculations 
and the number cf these which gave posi- 
tive results, the percentage positive was 
calculated. From published tables (36) 
the values of the normal equivalent devia- 
tion corresponding to the respective per- 
centages were found. These values were 
plotted against the logarithm of virus 
dilution. 


8.—Expression of percentage positive inocula- 
tions as normal equivalent deviation } 


Loga- Inoculations Normal 
rithm of __ equivalent 
virus deviation 


dilution Total Positive (8. D. units) 


6.7 69 7 97.10 1. 8981 
7.0 69 5884.06 9970 
7.3 72 49 «68.05 4691 
71 20 —.5778 
8.0 72 14 19. 44 —. 8619 
8.3 z 6 8.00 | —1.4051 
8.7 76 1 1.31 | —2.2418 


1 Data of columns 1 to3 from Parker (25, table 1). 


The results obtained for the data of 
Parker’s experiments 1 and 4, given in his 
tables 1 and 4, are shown in figures 11, A, 
and 12, A, respectively. In each figure 
the straight line was drawn through the 
observed points by the method of least 
squares. By inspection it is apparent 
that the points fall close to the straight 
lines. For each group of data, tests were 
made for the goodness of fit of the observed 
frequencies to those derived from the 
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Ficure 11.—Points represent observed percentage 
response to vaccinia virus in Parker’s table 1 
(235, p. 730) expressed as normal equivalent devia- 
tion. Deviation is shown in standard deviation 
units. A, Comparison of observed points with 
straight line drawn by the method of least 
squares; B, Comparison of observed points with 
curve determined from theoretical values given 
by Parker on assumption that a single virus 
particle infects. 


expected normal equivalent deviation 
represented by this straight line. The 
expected frequencies were derived by a 
reverse of the procedure illustrated in 
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Ficure 12.—Points represent observed percent- 
age response to vaccinia virus in Parker’s table 
4 (25, p. 734) expressed as normal equivalent 
deviation. Deviation is shown in standard 
deviation units. A, Comparison of observed 
points, with the straight line drawn by the 
method of least squares; B, Comparison of 
observed points with curve determined from 
theoretical values given by Parker on assump- 
tion that a single virus particle infects. 
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Taste 9.—Summary of probabilities found with Parker's experiments 1-4 on vaccinia virus 


{A. Comparison of observed frequencies with those expected if one virus particle causes infection. B. Comparison of observed 
frequencies with those expected if the relation between logarithm of dilution and normal equivalent deviation is linear] 


P, for goodness of fit 
Parker's experi- A B 
7) P(r ) 
Ty Ur Ty Ur 
1 0.90 0.73 0.90 0. 67 
3 006 .19 
4 . 06 <. 001 om 


table 8. The results of the tests for the 
two experiments are summarized in table 
9 (B). In table 9 (B) are shown also the 
results with Parker's experiments 2 and 3 
(25, pp. 731-734). In all instances the 
observed frequencies correspond closely to 
those expected. 

The results of these calculations may be 
compared with those derived in a similar 
way on the hypothesis that the character is 
due to the chance presence or absence of 
virus particles in the various inocula. The 
theoretical frequencies calculated by Parker 
on the assumption that one virus particle 
causes infection can be expressed in terms 
of percent and converted to normal 
equivalent deviation. When this is done, 
a curved line is obtained. If this theoreti- 
cal curve is then fitted to the observed 
points shown in figures 11, A, and 12, A, 
at the point of zero deviation, which 
corresponds to the 50-percent point, the 
results found are those shown in figures 
11, B, and 12, B. In figure 11 there is 
little to choose between the curved line of 
figure 11, B, and the straight line of figure 
11, A. On the other hand, the straight 
line of figure 12, A, described the results 
much better than the curve of figure 12, B. 
Tests for the goodness of fit of the observed 
to the theoretical frequencies calculated 
from the Poisson law for each of these two 
experiments, as well as those of Parker’s 
experiments 2 and 3, are compared in 


table 9 (A) with expected frequencies 
determined from the straight lines, table 
9 (B). In all instances there was agree- 
ment of observed data with those expected 
if the relation is linear whereas in two of 
the experiments, that of figure 12, B, and 
Parker’s experiment 3, the fit of the data 
to the theoretical Poisson curve was 
improbable. 

It is of interest to examine the data de- 
scribed by Parker (26) in his study on the 
frequency distribution of positive and 
negative inoculations with the virus of 
infectious myxomatosis. As in the instance 
of the results with vaccinia virus, he found 
a close resemblance of the dose-response 
curve to the theoretical Poisson curve based 
on the assumption that the frequency dis- 
tribution was due to the presence or ab- 
sence of virus particles. In these experi- 
ments, however, Parker noted a systematic 
deviation of the observed points from the 
theoretical curve as was seen with the 
papilloma virus. The data obtained by 
Parker (26) with the virus of infectious 
myxomatosis in his experiment 1, table 1, 
have been analyzed as for vaccinia on the 
assumption that the character of the re- 
sponse was due to normal variations in 
host reactions. Figure 13, A, shows the 
observed points which fall close to the 
straight line drawn by the method of least 
squares. In figure 13, B, the observed 
points are compared with the theoretical 
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Poisson curve. 


It is thus clear that the 
characters of the frequency distributions 
are better explained as due to normal 
variations in host response than to the 
presence or absence of virus particles in the 
inocula. 
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Figure 13.—Points represent observed percentage 
response to myxoma virus in Parker’s table 1 
(26) expressed as normal equivalent deviation. 
Deviation is shown in standard deviation units. 
A, Comparison of observed points with straight 
line drawn by the method of least squares; B, 
Comparison of observed points with curve de- 
termined from theoretical values given by 
Parker on assumption that a single virus particle 
infects. 


REsIsTANCE AcQuIRED IN Lonc INCUBA- 
TION PeRiop as A Factor CompLi- 
CATING CHARACTER OF Host RESPONSE 
TO PaPILLOMA VIRUS 


Similar analyses were made for the ob- 
servations with the papilloma protein. 
The findings are illustrated by the re- 
sults with the data of tables 6 and 7, 
the latter of which represents the com- 
bined findings in three separate experi- 
ments. The observed frequencies of 
tables 6 and 7 were converted into normal 
equivalent deviation in the manner de- 
scribed for vaccinia. 

The results are shown graphically in 
figures 14, A, and 15, A, respectively. 

In neither of the figures do the points 
conform to a straight line distribution and 
a line drawn through the points must be 
curved. The variations evidently do not 
follow a normal distribution, and the dis- 


| 8 
| 
s 
3 | 
> 
co 
| a 
2 
| 
| | 
63 7.) 74 7.760 838669 9295 487) 74 7,7 83 22 25 
pl pl 


Ficure 14.—Observed percentage response to 
papilloma protein, calculated from data of table 
6 and expressed as normal equivalent deviation. 
Deviation is shown in standard deviation units. 
A, Observed points; B, Comparison of observed 
points with curve determined from theoretical 
percentages expected on assumption that a 


single papilloma protein molecule causes 
infection. 
tribution must be skewed. In_ figures 


14, B, and 15, B, the theoretical Poisson 
curve has been drawn as for vaccinia, 
and the observed points likewise do not 
follow this curve. It is plain either that 
the fundamental nature of the response to 
the papilloma protein differs from that to 
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Ficure 15.—Observed percentage response to 
papilloma protein calculated from data of table 
7 and expressed as normal equivalent deviation. 
Deviation is shown in standard deviation units. 
A, Observed points; B, Comparison of observed 
points with curve determined from theoretical 
percentages expected on assumption that a 
single papilloma protein molecule causes 
infection. 
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vaccinia or that the difference in the re- 
sults with the two viruses is due to factors 
absent or failing to exert an influence in 
the response to vaccinia. Further analyses 
of the above data provide evidence of the 
presence and the nature of such factors 
affecting response to the papilloma protein. 

Domestic rabbits vary greatly in indi- 
vidual resistance to infection with the 
papilloma protein and to the development 
of warts, as illustrated in table 2. The sum 
total of this resistance may be a combina- 
tion of two sorts, namely, (1) natural and 
(2) acquired resistance. Individual differ- 
ences in natural resistance, that is, that 
present at the time of inoculation, are 
evident in deviations about the mean incu- 
bation period corresponding to a given 
inoculum observed when warts first begin 
to appear. Acquired resistance may act 
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Ficure 16.—<A, Trends in response to the papil- 
loma protein at various intervals after inocula- 


tion with the protein. (Combined data of ex- 
periments of table 7 employed in this analysis). 
B, Percentage of total number of inoculations 
not having a chance to become positive because 
of onset of retrogression. 


JOURNAL OF THE NATIONAL CANCER INSTITUTE 


also in determining the final response to 
the virus. Within the incubation period 
6-35 days there develops a state of im- 
munity or increased resistance to infection 
on further inoculation with the virus. 
There may develop also a resistance di- 
rected toward the growth, and in some 
animals there is actual complete retro- 
gression of warts which had appeared 
early. Rabbits chosen at random from 
mixed populations vary also in suscepti- 
bility or resistance to vaccinia virus, but 
the course of infection with this virus differs 
greatly from that with the papilloma virus. 
The incubation period of vaccinia is 
approximately one-fourth that of the 
papilloma protein. Lesions resulting from 
inocula containing much virus appear 
early, while those arising from small 
quantities of virus in the same animal ap- 
pear later, even after the healing process 
of the early lesions is under way. This 
behavior differs from that observed with 
the papilloma protein for in any one animal 
once retrogression begins, no more warts 
appear. It has seemed possible that the 
character of the response curve of figure 15, 
A, may be the result of the change in the 
level of resistance known to occur during 
the course of the incubation period. To 
obtain information concerning the possible 
relation of this change to the character of 
the response, analyses have been made of 
the data observed at various 
during the incubation period. 
For the following analyses the combined 
data given in table 7 have been used. 
From the total number of inoculations and 
the number of inoculations positive on 
various days during the period of incu- 
bation, the percentage positive correspond- 
ing to these days was found. The per- 
centages were converted to normal equiva- 
lent deviation and the points plotted as 
described above. The resulting series of 
curves describing the character of response 
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to the various inocula observed after 20, 
22, 24, 26, 28, and 34 days, are shown in 
figure 16, A. 

The points representing the frequencies 
observed on the twentieth day are clearly 
distributed about a straight line. Exami- 
nation of the data prior to this day showed 
that, though variations were more marked 
owing to the small number of observations 
available, the relation before the twentieth 
day was likewise linear. The successive 
changes in the character of the curves 
leading to the complicated response shown 
in the final curve of the thirty-fourth day 
were continuous and orderly. On the 
twenty-second day, two new points ap- 
peared, but these did not fall on the line 
determined by the points appearing earlier. 
A break thus occurred, and this increased 
with time. At 24 and 26 days the positive 
frequencies were distributed so that the 
points could be considered to lie about two 
straight lines with different slopes. At 
28 days there was an indication of a second 
break, which occurred at pI 8.6. At this 
period it seems that the points were dis- 
tributed about three straight lines and this 
possibility was emphasized in the definite 
breaks seen in the curve of 34 days. 

In the present work no specific experi- 
ments were made to relate the time of 
development or the degree of induced 
immunity to the character of the response. 
Notes were made, however, in instances 
where retrogression occurred in individual 
animals. If the onset of actual retrogres- 
sion in some of the rabbits is taken as an 
index of time of change owing to develop- 
ment of acquired resistance in the group, 
a comparison of this change in resistance 
with the character of the curve can be 
made. The relation is shown in figure 16, 
B. The respective columns beneath the 
curves were derived in the following 
manner: It has been shown that successive 
dilutions of the protein induce growths 
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after correspondingly long incubation 
periods. Since warts do not appear in 
those sites inoculated with the smaller 
amounts of protein after retrogression 
sets in, the last dilution producing warts 
in the individual animals showing retro- 
gression can, therefore, be taken as a 
dividing line between the dilutions which 
had opportunity to produce warts and 
those which did not have this opportunity 
because of the host factors indicated by 
retrogression. The heights of the columns 
in figure 16, B, indicate the percentage of 
the total number of inoculations with 
each pl which did not have the opportun- 
ity to cause lesions. The regions of curva- 
ture or breaks in response correspond 
closely to the dilution range where the 
group response is complicated by indi- 
vidual test-animal resistance. It is not 
to be considered that only those animals 
showing retrogression contribute to the 
change in group reaction; for all domestic 
rabbits infected with the virus develop 
increased resistance to further infection 
with the virus and all of the animals will 
contribute in varying degree. 

On the basis of these findings it is justi- 
fiable to assume that the character of the 
final curve may be determined by varia- 
tions in host response. Viewed in this 
light, a possible interpretation of the curve 
is at once suggested. For purposes of dis- 
cussion, the curve is divided into three 
components, namely, (1) that between pI 
6.8 and 8.0; (2) that between pI 8.0 and 
8.6; and (3) that between pI 8.6 and 9.5. 
It will be seen that component 1 is linear 
in the thirty-fourth day curve and that 
this relation was present on the twentieth 
day and maintained throughout the course 
of the incubation period, showing only 
a change in slope. It thus seems evident 
that the character of this component was 
due to host variations present early, namely, 
to variations primarily in natural resist- 
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ance. Skipping component 2 for the 
moment, it appears that component 3 
represents the response of those animals 
in which warts continued to appear 
throughout the incubation period and thus 
may be interpreted as a linear relation 
owing to the normal distribution of total 
resistance in these animals. Component 
2, then, would represent the response man- 
ifested during the rapid change in the 
level of resistance in the group as a whole. 
There is evidence from the series of curves 
that component 2 is probably linear over 
most of its course. It will be noted that 
this component is derived from the linear 
relation established first on the twenty- 
second day and maintained through the 
subsequent orderly addition and loss of 
points. It is not unreasonable to interpret 
component 2 as a straight line, for this 
would mean simply the existence of normal 
variations in the development of acquired 
resistance in the individual animals. 

It should be noted here that in some in- 
stances very slight deviations from the 
straight-line dose-response curve similar 
to the large differences with the papilloma 
virus are seen with vaccinia. This is well 
shown in the curve of figure 6 of a pre- 
vious report (30). 


COMPLEMENT-FIXING CAPACITY 
OF THE PAPILLOMA PROTEIN 


With the development of the incubation- 
period procedure two criteria were at 
hand for accurate practical assay of the 
purified papilloma virus, namely, (1) mass 
measurement by physical and chemical 
analysis and (2) biological measurement in 
the estimation of infectivity. To add to 
the knowledge of the behavior of the papil- 
loma protein and to furnish quantitative 
data useful in the recognition and assay 
of the virus, another relation has been 
studied. The purified papilloma protein 
fixes complement in the presence of specific 


immune serum as does the virus of crude 
infectious extracts of cottontail-rabbit 
warts (37). In routine work with the 
papilloma protein over a period of several 
years, the complement-fixing capacity of 
numerous batches of the purified material 
has been determined (38). Considering the 
relative crudeness of the method used, the 
results have been fairly uniform and have 
been of much value in the standardization 
of the purified virus preparations. 

For the hemolytic system, sheep red- 
blood cells were washed four times and 
suspended in 0.9 percent NaCl solution 
in concentration of 5 percent. Rabbit- 
antisheep-cell immune serum was diluted 
with 0.9 percent NaCl solution to contain 
2 units of hemolysin per 0.2 cc. The 
washed sheep cells were sensitized by mix- 
ing 0.2 cc. of hemolysin with 0.2 cc. of 
cell suspension. Complement was ob- 
tained from guinea pigs, titrated immedi- 
ately prior to its use and diluted to con- 
tain 2 units per 0.2 cc. In all instances 
except one, the papilloma-virus immune 
serum used was taken from domestic 
rabbits. In the one case, the serum was 
from a cottontail rabbit and was made 
available to us through the generosity of 
Dr. J. G. Kidd of the Rockefeller Insti- 
tute for Medical Research. The comple- 
ment of these sera was inactivated by 
heating in closed tubes at 56° C. for 30 
minutes. Papillomavirus, purified through 
five ultracentrifugal cycles was diluted with 
0.9 percent NaCl solution to concentra- 
tions of 70 to 100 gamma per cubic 
centimeter. For tests, twofold dilutions 
were used. 

The details of this study have already 
been reported (38, pp. 198-199). 


CompLeMENT-Fixinc Unit or Virus 
PROTEIN 
A summary of the results obtained in 
25 experiments extending over a period 
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of 17 months, was also given in the earlier 
report (this volume, p. 200), in which the 
respective immune sera, protein prepara- 
tions, and dates of the experiments are 
indicated. Antiserum when used in re- 
peated tests over a long period of time was 
frozen, dried, and stored in a refrigerator. 
With the exception of material II (table 
2, p. 200), each batch of protein was 
studied within 3 days after purification. 
Protein II, however, had stood, in con- 
centrated state, in the refrigerator at 3°-5° 
C. for several weeks before its use in ex- 
periment 1. 

Although the tests were made on the 
basis of 2 units of complement per reaction 
tube, the results are considered in terms 
of ‘“‘complement-fixation units,” or the 
amount of protein which just bound 1 
unit of complement in the presence of 
optimal quantities of antiserum. Under 
the standard conditions observed, the 
amount of protein required to fix 1 unit 
of complement was 0.95 +0.06 gamma or 
10-°-°3 gm. on an average. The co- 
efficient of variation of individual esti- 
mates was +29.8 percent. This variation 
in individual experiments was remarkably 
low considering the method and the biolog- 
ical reagents employed and the fact that 
these were made up under routine condi- 
tions over a long period. The values are 
not considered to be absolute, since varia- 
tions in technique may alter the value of 
the complement-fixation unit, but, with 
the standard technical procedures em- 
ployed, it is evident that fairly consistent 
results, within known limits of variation, 
may be obtained. 

It was noted that the observed varia- 
tions were not definitely related to the 
behavior of individual protein prepara- 
tions or antisera. When the mean values 
for the various materials were examined 
by methods appropriate for small samples, 
the observed differences were not greater 
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PAPILLOMA PROTEIN GAMMA PER UNIT OF COMPLEMENT 
Ficure 17.—Frequency polygon showing the 
variation in the quantity of papilloma protein 
per complement-fixation unit. 
than those which could occur due to ran- 
dom sampling. In general the observed 
differences appear to follow a random dis- 
tribution as indicated by the symmetry of 
the frequency distribution shown in figure 
17. With the recognized degree of varia- 
bility, therefore, 1 complement-fixation 
unit may be defined as 0.95 gamma, or 
10-*-3 gm. of papilloma protein. This 
quantity of protein in a volume of 0.1 cc., 
the standard inoculum, would be expected 
to induce warts after a mean incubation 
period of 16.9 days. 


RELATION OF COMPLEMENT-FIXINC UNIT 
To INDIVIDUAL EFFECTIVE DosE 
(50-PERCENT-Potnt Dose) 


It is of interest to calculate the relation 
of the complement-fixing unit to the 50- 
percent-point infectious unit of the pro- 
tein. As described this unit is, on an 
average, 107° gm., or 0.00441 gamma, 
of protein. Since for practical purposes 
the statistical averages may be considered 
as constant, the ratio of complement-fixa- 
tion unit to infectious unit may be estab- 
lished on the basis of a criterion common 
to both infectivity and complement-fixa- 
tion studies, namely, protein quantity. 
The ratio of complement-fixation unit to 
infectious. unit is, therefore, 0.95 gamma 
to 0.00441 gamma, or approximately 215:1. 
Simultaneous studies of complement-fixing 
capacity and infectivity on the same pro- 
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tein material have been made in only a 
few instances. The ratios in two experi- 
ments of this sort were 260:1 and 295:1, 
respectively. In these experiments, how- 
ever, the protein values obtained for the 
complement-fixation units were among 
the highest obtained, and it is probable 
that ratios as great as these might be 
expected to occur less frequently than 
ratios nearer the mean result of 215:1. 

The work reported to this point has been 
concerned with the purification of the 
papilloma virus and with the study of the 
properties of the purified material. With- 
in the limits of the methods available and 
those developed, efforts have been directed 
toward standardization and the deter- 
mination of quantitative relations. Puri- 
fication of the virus was carried out under 
conditions which were always as nearly 
uniform as possible, and the results 
observed can be interpreted only as 
applying to material obtained and han- 
dled in this way. So long as the standard 
conditions are maintained, it is possible 
to correlate physical, chemical, and bio- 
logical behavior and to feel justified in 
making quantitative interpretations with- 
in the limits established under specified 
conditions. Thus far infectivity and com- 
plement-fixing capacity have been corre- 
lated with virus mass and with each other 
on the basis of virus mass. It should now 
be strongly emphasized that the relations 
discovered may apply only under these 
conditions and cannot be carried over 
a priort for the purpose of interpreting 
findings under other conditions. 


HEAT INACTIVATION OF INFEC- 
TIVITY AND COMPLEMENT-FIX- 
ING CAPACITY OF PAPILLOMA- 
VIRUS PROTEIN 
Studies have been made on the thermal 

inactivation of the papilloma protein with 

respect both to infectivity and to comple- 


ment-fixing capacity. From investiga- 
tions with crude extracts, the infectivity 
of the papilloma virus is known to be 
relatively heat stable. Shope (7) demon- 
strated the resistance of infectivity to 
temperature up to 65° C.; actually, the 
infectivity of extracts heated at 45°-65° 
for 30 minutes seemed to exhibit a degree 
of activity higher than that of prepara- 
tions not heated. 

Papilloma protein was purified in the 
routine way, employing from 4 to 7 
ultracentrifugal cycles. The final pellet 
obtained was dissolved in phosphate 
buffer pH 6.5 and diluted with 0.9 percent 
NaCl solution to contain 0.1 mg. protein 
per cubic centimeter. Aliquot volumes 
of the preparations (1.5 or 2.0 cc.) were 
pipetted into long-necked, very thin- 
walled pyrex bulbs of about 5.0-cc. 
capacity specially blown from 5 mm. I. D. 
glass tubing. The bulbs were sealed in a 
flame leaving the neck about 4 cm. long. 
A water bath was brought to the desired 
temperature, and the bulbs, held in a 
rack, were completely immersed in the 
water. The water in the bath was agitated 
by moving the tube rack up and down, ard 
this at the same time served in a small 
way to stir the contents of the bulbs. At 
intervals one of the bulbs was taken from 
the bath and plunged into ice water where 
it was kept until time for titration. It 
should be noted that the conditions were 
not controlled with respect to. strict 
uniformity of salt content or of pH, which 
was between 6.5 and 7.0. 

Test for changes in complement-fixing 
capacity were made in the usual way by 
comparing the effect of a control aliquot 
of virus with that of the respective heated 
samples. Fer the infectivity titrations, 12 
dilutions of heated and control materials 
were made in twofold steps with 0.9 per- 
cent NaCl solution. Titrations were made 
in 3 groups of 4 rabbits each. In 1 group, 
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each dilution of the unheated solution was 
put in 1 spot in each rabbit and compara- 
ble dilutions of 1 heated material were 
inoculated in similar manner in the same 
group. In a second group, 2 heated 
materials were inoculated, and in the 
third group, the other 2 heated solutions 
were titrated. Changes were calculated 
in terms of potency ratio between the 
effect of the control and that of each 
heated solution. 

The effects of heat cn infectivity are 
summarized in figure 18 in which the 
curves through the observed points are 
drawn by inspection. It had been hoped 
initially that it would be possible to obtain 
some idea of the nature of the reaction 
occurring on thermal inactivation. Dimi- 
nution of infectivity occurs extremely 
rapidly as shown, and the measurement cf 
infectivity was not sufficiently accurate 
to make interpretations from this point cf 
view. The observed points as results of 
the biological measurement of  infec- 
tivity, nevertheless, indicate clearly the 
rapid and profound effect of heat even at 
50°C. At 50°, 57°, and 60°, inactivita- 
tion has proceeded to comparable levels 
in the first period of 3.75 minutes, while 
at 63° and 66°, no infectivity remained 
after this interval. No increase in infec- 
tivity with heating was observed at any 
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Ficure 18.—Rate of loss of infectivity associated 
with the papilloma protein heated at various 
temperatures. 
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Ficure 19.—Rate of loss of complement-fixing 
capacity of papilloma protein heated at various 
temperatures. 

temperature indicating that the apparent 

increase found with crude extracts (7) was 

apparently a reflection of factors in the 
extracts other than those referable to the 
virus itself. 

In figure 19 are shown the effects of 
heat on the complement-fixing capacity 
of the protein. Here the rate and degree 
of inactivation at the same temperatures 
are of an entirely different order from 
those associated with infectivity. It should 
be remarked that the particular procedure 
employed for measuring complement- 
fixing capacity is not a strictly quantita- 
tive one, being subject to relatively wide 
variations in individual experiments. The 
interpretations made here should be con- 
sidered with this in mind. 

From the comparison of the points of 
figure 18 with those of figure 19, it is 
evident that the rate of thermal inactiva- 
tion of complement-fixing capacity differs 
very greatly from that of infectivity. This 
is better seen in figure 20 where the changes 
in the two properties at 57° C. are com- 
pared. After 3.75 minutes, about 70 per- 
cent of the infectivity disappeared, whereas 
a diminution of only 10 percent in com- 
plement-fixing capacity occurred. The 
difference was still greater after 7.5 min- 
utes when 97.3 percent of the infectivity 
was lost as compared with 20 percent of 
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Figure 20.—Relative stability of complement- 
fixing antigen and infectivity of papilloma-virus 
protein heated at 57° C. 


the complement-fixing capacity. In the 
experiment at 50° no complement-fixing 
capacity was lost in 15 minutes, but in- 
fectivity diminished 75 percent. 

Not enough experiments have been made 
to justify quantitative interpretation on a 
statistical basis, but the data furnish cer- 
tain qualitative information. It is clear 
that the cemplement-fixing capacity of 
the protein is not wholly related to the 
property of infectivity. At 50° and 57°C., 
the diminution in infectivity is much 
greater than that in complement-fixing 
capacity. The greatest difference between 
the two at these temperatures was about 
70 percent. Differences this great were 
not seen at higher temperatures in the 
time intervals studied, for after 3.75 min- 
utes at 50° nearly 80 percent of virus 
infectivity had disappeared and a marked 
change in complement-fixing capacity 
had occurred in the same time. The 
experiments show that only a relatively 
small part of the complement-fixing ca- 
pacity is related to that portion of the 
papilloma complex concerned with in- 
fectivity. Taken at face value the results 
indicate two to three times as much com- 
plement-fixing capacity associated with a 
component or with ccmponents of the 
complex not related to infectivity as that 
associated with the infectious component 
of the virus. These findings may be com- 


pared with those of Friedewald and Kidd 
(39), who, contrary to earlier results, found 
an extract heated at 56° to contain a little 
less virus and a little less complement- 
fixing antigen, at 60° to have lost most of 
its infectivity though retaining some part 
of its ability to fix complement, and at 
66° to contain no demonstrable infec- 
tivity and only slight power to fix com- 
plement. 

The papilloma protein is coagulated and 
precipitated at 65°-66° C., temperatures 
far above those associated with rapid in- 
activation of infectivity, but not greatly 
above the level for inactivation of the 
complement-fixing capacity. With respect 
to infectivity and precipitation the papil- 
loma protein behaves toward heat as does 
the tobacco mosaic virus (#0) in the in- 
stance of which the reaction concerned 
with diminution in infectivity proceeded 
with a far greater velocity than precipita- 
tion of the protein. As in the instance of 
tobacco mosaic virus, changes in the papil- 
loma protein leading to final denaturation 
occur as a series of reactions marked by 
(1) loss of infectivity, (2) diminutien in the 
antigenic capacity of a portion of the com- 
plex not associated with infectivity, and 
(3) coagulation and precipitation. It is 
possible that loss in antigenicity with 
respect to complement-fixing capacity 
(that occurring after infectivity is lost) is 
again the result of a series of reactions re- 
lated to changes in more than one come 
ponent of the protein molecule. The papil- 
loma complex can be broken down into a 
number of specific macromolecular com- 
ponents by proper treatment (/7), but 
their properties have not been studied. 


NEUTRALIZATION OF PURIFIED 
PAPILLOMA VIRUS WITH IM- 
MUNE SERUM 
Mechanisms of the reaction and the re- 

lations between virus and antiserum in the 
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phenomenon of neutralization have been 
difficult to investigate, primarily because of 
the lack of suitable materials. In such 
studies it is necessary that the constituents 
of the system concerned be susceptible to 
some sort of assay both before and after 
mixing. Until recently, viruses were avail- 
able only in crude mixtures in unknown 
physical quantities, and methods had not 
been developed for quantitative biological 
standardization of such preparations. 
Measurements of infectivity, the sole une- 
quivocal criterion of virus quantity, were 
subject to wide recognized variations, and 
their utilization as quantitative data were 
limited. 

With access to the purified papilloma 
protein, however, certain of the require- 
ments for the successful prosecution of 
quantitative studies on the relations in- 
volved in the neutralization reaction appear 
to have been met. The principal reagents 
concerned in vitro are immune serum and 
virus. The virus can be measured in ab- 
solute units of mass by physical or chemical 
analysis and thus standardized within rel- 
atively narrow limits. By means of incu- 
bation-period relations, the chemical and 
physical findings prior to preparation of the 
reaction mixtures can be correlated with 
the results ef biological estimation of in- 
fectivity by means of procedures that are 
adequate for following the course of virus 
neutralization. Thus, the participation of 
the virus can be determined with respect 
to infectivity and expressed in terms of 
absolute units referable to virus quantity 
from the relation established with control- 
virus preparations not treated with serum. 
The neutralizing antibody specific for the 
papilloma protein has not been available 
in pure form, and data obtainable with 
whole immune serum cannot be treated 
like those for the virus. This difficulty, 
however, does not entirely preclude the 
possibility of expressing the relations with 


respect to the immune serum on a quanti- 
tative basis. If definite relations could be 
found to exist between known quantities 
of virus and relative amounts of antiserum 
and if the conditions under which the rela- 
tions were observed were standardized and 
reproducible, the properties of the immune 
serum could be described in terms of its 
relation to the virus which is measurable in 
absolute units. The relations of virus and 
antiserum could then be described on a 
quantitative basis with respect to both 
reagents. 


STATEMENT OF THE PROBLEM 


In the present work certain of the quan- 
titative relations between antiserum and 
the purified papilloma virus the 
neutralization of infectivity have been 
determined. These studies (47) have been 
carefully restricted to a limited aspect of 
the general question, and the data have 
been collected under standard conditions 
that can be readily reproduced. The 
general question is stated thus: What are 
the neutralizing effects of different quanti- 
ties of a given immune serum in constant 
volume on different quantities of papilloma 
virus in constant volume? The immediate 
objective of the experiments, determined 
by the methods employed and the nature 
of the material available, was the search 
for the interrelations between (1) serum 
amount in constant volume (actually, 
serum concentration in terms of dilution), 
(2) total virus present in constant volume 
of mixture (total virus concentration in 
terms of mass per unit volume), and (3) 
the quantity of the total virus not neutral- 
ized by the serum (concentration of free 
virus in terms of mass per unit volume). 
The investigations were made on three 
different systems of serum-virus mixtures. 

(A) For a single experiment, a constant volume 


of a particular dilution of serum was mixed with 
successive quantities of virus in constant volume. 
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Thus in one experiment, the effect of the undiluted 
serum on different amounts of virus was deter- 
mined; in another, the effect of the serum diluted 
1:2 on the same quantities of virus was studied, etc. 

(B) Constant volumes of successive dilutions of 
serum were mixed with a constant amount of virus 
in constant volume. For one experiment, con- 
stant volumes of serial twofold dilutions of serum 
were mixed with a given constant amount of 
virus; in another, the same dilutions of serum were 
mixed with another amount of virus, etc. 

(C) A given dilution of serum was mixed witha 
known amount of virus. Serial twofold dilutions 
of the mixture were then inoculated into rabbits. 
Control preparations containing identical quanti- 
ties of total virus without serum were titrated in 
the same animals, and the various differences be- 
tween the experimental and control host responses 
were taken as the measure of the effect of the 
serum. 


MATERIALS AND METHODS 


The results of incubation-period titra- 
tions with control purified virus solutions 
in the absence of antiserum can be as- 
sumed to represent a measure of the action 
of the total virus present, all of which may 
be considered “‘free virus.” There is no 
reason to doubt that all of the virus, or total 
virus, in such preparations of untreated 
virus is in the free state. It can be stated 
with assurance, however, that, if all of the 
virus is not in the free state, the proportion 
of free to total virus in these preparations is 
always the same, and measurements of 
infectivity then can be considered to con- 
stitute measurements of the total virus 
present. This certainty does not exist in 
the interpretation of results with the serum- 
virus mixtures. Whether or not the incu- 
bation-period response to a serum-virus 
mixture represents that to an amount of 
free virus equal to the total amount of 
untreated virus which yields the same 
incubation-period response cannot be said 
now. For the present experiments, how- 
ever, the assumpticn has been made that 
the virus which causes lesions when serum 
virus is inoculated, whatever its state, has 


the same specific infectivity as the virus in 
pure state and represents an actual 
quantity of free virus equivalent to a 
quantity of untreated virus giving the same 
incubation-period response. The amount 
of free virus in a given inoculum can be 
calculated from the potency ratio between 
the serum-virus mixture and the corre- 
sponding control-virus inoculum, both of 
which initially contained identical quanti- 
ties of total virus. The infectivity of an 
individual serum-virus mixture may then 
be expressed in terms of the amount of un- 
treated virus which would be required to 
produce the same results as the calculated 
amount of free virus. The difference be- 
tween the free virus and the total amount 
of virus contained in a serum-virus mixture 
is a measure of the amount of virus 
neutralized. 

Since a fairly large group of experiments 
has been necessary for the present study, it 
has not been practicable to employ more 
than four to six test animals in the indi- 
vidual experiments. Variations in group 
response have, therefore, been compen- 
sated for by titration of a control series of 
inocula along with the experimental series 
in the same group of animals used for a 
given experiment. The unit observations 
in the various experiments may be ex- 
pected to show greater variability than 
would have been obtained with larger 
numbers of test animals. However, the 
purpose of this study has not been to estab- 
lish definite values within known limits of 
error, but to gain some information as to 
the trends inherent in the experimental 
results, and to establish the best approxi- 
mation to the fundamental relations as a 
basis for further experimental analysis. 

Two antisera were used in this study, 
D. R. 848 and D. R. 496. Each was ob- 
tained from a single domestic rabbit bear- 
ing experimentally induced papillomas. 
The former serum was kept in its original 
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state in a refrigerator during the course of 
the experiments, some of which were 
several months apart. The latter had been 
frozen and dried in vacuo. The sera were 
inactivated with respect to complement by 
heating at 56° C. for 30 minutes. 

In all experiments the total volume of a 
given serum-virus mixture was 0.75 cc. 
Of this volume, 0.3 cc. was serum of the 
desired dilution, 0.3 cc. was virus in the 
desired concentration, and 0.15 cc. was 
0.9 percent NaCl solution used to wash 
the inner rim of the small tubes employed 
before mixing the contents by means of a 
capillary pipette. The concentration of 
the virus solution to be added in each case 
was adjusted so that the final concentra- 
tion of virus in the total volume of the 
mixture, 0.75 cc., would be of the desired 
pI. In this way it is possible to compare 
animal response to control-virus prepara- 
tions of known pI with the response to 
serum-virus mixtures of the same pI or 
total virus concentration. Since the num- 
erical expression of serum dilution desig- 
nates only relative antibody amount, the 
pD value of the serum in a mixture repre- 
sents the dilution of which 0.3 cc. was 
added to the mixture and not the final 
dilution of the serum after addition to the 
mixtures. Control inocula were prepared 
by diluting the stock-virus solutions to the 
appropriate pI values with 0.9 percent 
NaC] solution. 

All mixtures and controls were prepared 
in parallel and allowed to stand at room 
temperature (24°-26° C.) for 2 hours. At 
the end of this period, the tubes containing 
them were immersed in an ice bath where 
they were kept during the course of animal 
inoculation, which required 1-2 hours, 
depending upon the number of animals 
used. 

Inoculation of rabbits was carried out 
according to the procedures described 
above. In each experiment, the control 


series of preparations was inoculated on 
one side of the midventral line, and the 
serum-virus mixtures were inoculated on 
the other side of each rabbit in the group. 
Only one area per rabbit was inoculated 
with any given inoculum. 


RELATIONS OBSERVED WHEN CONSTANT 
AMOUNTS OF IMMUNE SERUM D. R. 848 
WERE MIXED WITH SUCCESSIVE QUAN- 
TITIES OF Virus 


Nature of the relation between free virus and 
total virus 

Preliminary experiments showed that 
when successive quantities of immune 
serum were added to a constant quantity 
of virus (system B), the relation observed 
between serum pD and the pl of free virus 
was not linear, but curved. On the other 
hand, when constant serum was added to 
successive quantities of virus (system A) 
the relation between the variables free 
virus and total virus appeared to be a 
straight line for a given dilution of serum. 
Most of the experiments, therefore, were 
made with system A to provide a simpler 
response curve for analysis. The results of 
experiments made with systems B and C 
were then tested to learn whether or not 
the same relations held for all. 

Six experiments were made on system 
A using serum D. R. 848, in each of which 
a constant volume of a particular dilution 
of the serum was mixed with successive 
twofold dilutions of virus. The set-up of 
these experiments and the results obtained 
in them are shown in figures 21-26. The 
serum dilution employed in each experi- 
ment is indicated as a pD value in the 
body of the corresponding figure. Virus 
concentrations are given in terms of pl 
values in the abscissas of the figures. 
These pl values express the total concen- 
tration of virus present in the various 
serum-virus mixtures and in the corre- 
sponding control solutions. The left ordi- 
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nate scale of each figure is employed for 
indicating the level of the observed mean 
incubation-period responses to the mix- 
tures and to the corresponding control 
solutions of pI given in the abscissas. The 
circles represent average incubation-period 
responses of all rabbits in a group to the 
various control inocula containing no im- 
mune serum. The solid triangles represent 
responses to serum-virus mixtures. It will 
be noted that the pI values in the abscissas 
are the same in all figures. This standard- 
ization was possible because the virus in 
various purified batches could be assayed 
by turbidity measurement and diluted for 
each experiment to give these standard 
pI values. All figures were thus con- 
structed on the same scale standard with 
respect to total virus in the mixtures and 
controls. In this way, the differences in 
the results of the various experiments with 
respect to the influence of total virus can 
be seen by inspection in comparing the 
figures one with another. Because of 
lack of space on the test animals, inocula 
of all pI values in a given control series 
were not given, but those used, indicated 
by the circles, were spaced so as to obtain 
a good estimate of the regression line. 
In the case of serum-virus mixtures, how- 
ever, inocula of all pI values to the right 
of the first triangle appearing in each figure 


Figures 21-26.—Experimental and control re- 
gression lines of experiments of system A, 
serum D. R. 848. In each figure, the sclid 
triangles show the observed incubation-period 
response to successive quantities of total virus 
mixed with constant amounts of the particular 
dilution of serum D. R. 848 indicated. The 
circles show the incubation-period responses to 
the same quantities of total virus to which no 
serum was added. The respective regression 
lines were drawn through the points by the 
method of least squares. pI equivalents of the 
observed incubation-period response, calcu- 
lated from the control regression line through 
the circles, are shown on the right ordinate 
scale. 
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were given. The pI values to the right 
of that corresponding to the last triangle 
in each figure indicate those dosages which 
gave no response in the test animals. 

It will be observed on inspection of 
figures 21-26 that, within a range char- 
acteristic in each figure and thus depend- 
ing upon the concentratien of serum used 
in the individual experiments, the incuba- 
tion period of each mixture, represented 
by the solid triangles, is increased above 
that of the corresponding control prepara- 
tion containing the same amount of total 
virus. This increase in the incubation 
period signified a diminution in the in- 
fectivity of the individual serum-virus 
mixture caused, presumably, by the neu- 
tralization of some of the virus by the 
antiserum. Since the average reaction of 
the group of test animals will be common 
to all mixtures in a given series as well as 
to the control virus material, we may gain 
some idea of the degree of the effects of a 
given amount of serum on the different 
amounts of virus in the characteristic range 
by comparing the incubation-period re- 
sponse to each mixture with that to the 
control having the same pI. This differ- 
ence between the response to the individual 
serum-virus mixture and that to its corre- 
sponding control preparation may be em- 
ployed to determine the potency ratio 
between the two. Assuming that the un- 
neutralized virus responsible for the bio- 
logical response to a serum-virus mixture 
is equal in amount to the quantity of pure 
untreated virus which would be required 
to give the same result, the potency ratio 
between test and corresponding control 
material having the same p] may be deter- 
mined by use of the equation 


Potency test 
(7 Lo : = 2 
7) Potency control b 


Here »’,; and 7’; represent mean incubation 
period responses to the control and test 
materials, respectively, and > is the slope 


of the control response curve determined 
from the whole series of control inocula- 
tions. 

It will be observed, however, that the 
individual points representing response to 
either serum-virus mixture or control 
preparation vary rather widely and that a 
difference between any test mixture and 
its corresponding control inoculum con- 
sequently is subject to considerable experi- 
mental error. A better estimate of the 
potency ratio may be obtained, therefore, 
by use of the calculated value of »’ which 
represents a point on the control regres- 
sion line derived from the data as a whole. 
rather than the more variable observed 
response to the individual control dosage 
under consideration. Further, instead cf 
expressing the neutralizing effect of serum 
in terms of potency ratics between treated 
and untreated virus, the unneutralized 
virus of a serum-virus mixture may be 
considered as free virus having the same 
specific infectivity as untreated material 
and expressed as a pI value corresponding 
to the amount of untreated virus which 
would be required to give the same incu- 
bation-period response. This pl equiva- 
lent of the incubation-period response 
may be calculated simply by substitut- 
ing the observed incubation-period re- 
sponse to a serum-virus mixture in the 
equation for the control-response curve 
obtained with the same group of experi- 
mental animals and solving for pl. This 
may be illustrated with the data of the 
first experiment in the series (fig. 21) 
which is given in detail in table 10. By 
the method of least squares the equation 
for the control regression line, or control 
response curve, was found from the data 
of table 10 (A), to be 


(8) Incubation period = —8.966+-4.335 
(pl). 

The incubation period responses to the 

serum-virus mixtures of this experiment 
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Tasie 10.—Data of experiment of figure 21 showing results of control series, A, and serum-virus mixture, B 


Control series (A) Serum-virus mixtures (B) 
I equiva- 
_ Areas Incuba- plof pDof ac Areas Incuba- 
pl of control devel- tion- total serum devel- tion- 
virus ! lated oping period Virus in in mix- lated period period 
lesions response? mixtures’ tures lesions response‘ response $ 
Number Number Days Number Number Days 
4.1 4 4 8.5 4.1 0 4 4 9.5 4. 26 
44 4 4 Ww.0 4.4 0 4 4 13.0 5.07 
4.7 4 4 12.0 4.7 0 4 4 2.0 6. 68 
5.0 0 5.0 0 4 4 23.5 7.49 
5.3 4 4 14.0 5.3 0 4 1 31.0 9. 22 
5.6 0 5.6 0 4 2 33.0 9. 68 
5.9 4 4 16.0 5.9 0 4 0 
6.2 0 6.2 0 4 0 
6.5 a 4 4 19.5 6.5 0 4 0 
6.8 6.8 0 4 0 
7.1 4 4 22.5 7.1 0 4 0 - 
74 0 7.4 0 4 0 
7.7 4 1 23.0 7.7 0 q 0 
8.0 4 1 25.0 8.0 0 4 0 
Total. 36 30 19 


1 Weighted mean =5.590. 
2 Weighted mean (v’;) =15.27. 
3 Weighted mean =4.700. 
Weighted mean (v’:) =19.00. 


Weighted mean =6.451. 


are shown in table 10 (B), column 5. The 
pl equivalents of these responses, as cal- 
culated from equation 8 are given in 
column 6 of the same section of this table. 
Using the response in the first row as an 
example and substituting in equation 8, 


(9) 9.5=—8.966+4.355 (pl), and pl= 
4.260, 


which is the pI equivalent of 9.5 days, or 
the amount of free virus in this mixture. 
Free virus may, therefore, be expressed 
directly as a pl value, and the difference 
between this value and the pI of the total 
virus in the mixture (cf. column 1 of table 
10 (B)) represents the logarithm of the 
potency ratio between the mixture and 
the corresponding control material. 

The above procedures are applicable in 
all three types of experiments (i. e. sys- 
tems A, B, and C, described above) and 
in their application the test with each 
serum-virus mixture is considered as a 
single dosage assay on an unknown mate- 
rial, regardless of the trend of responses 


to the various mixtures in a given series 
constituting an experiment. 

Still greater accuracy would be obtained 
in the analysis of results if a calculated 
response curve could be determined for 
a series of serum-virus mixtures. This 
would make possible the use of points on 
a curve determined from a series of ob- 
servations instead of the more variable indi- 
vidual estimates. Points on the experi- 
mental curve could then be compared 
with corresponding points on the control 
response curve. As pointed out above, 
there is an apparently linear deviation of 
the test responses from those of the control 
inocula in experiments of system A as 
may be seen in figures 21-26; that is, 
when various amounts of virus are mixed 
with a constant amount of a given dilution 
of serum, the incubation-period responses 
are apparently linearly related to the pl 
of the total virus in the mixtures. The 
analysis of results would be simpler if 
the relation could be assumed for all 
practical purposes to be linear. By in- 
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spection of the experimental results of 
figures 21—26, the solid triangles which dif- 
fer from the control response shown by 
the circles in each instance are seen to 
fall fairly well about the best straight line 
drawn through them by the method of 
least squares. 

It should be noted here that the fre- 
quency of lesions is lower with the smaller 
amounts of virus (higher pI values) and 
that the terminal points in this region cf 
response in the figures are more variable, 
but have less weight in determining the 
slope and position of the regression lines 
than the other points. In most of the 
figures, the solid triangles on the extreme 
right represent only a single response in 
a single rabbit rather than an average 
response of 4 to 6 rabbits. This was taken 
into consideration in drawing the lines by 
giving proper weight to each point. The 
lines of figures 21-26, thus drawn, were 
compared with the observed points by 
means of the x? test. The probability, P, 
for goodness of fit as determined by this 
procedure was 0.94, or greater, in 5 of the 
6 experiments. In the experiment of figure 
22, P was 0.70, indicating that a worse 
fit than that observed might occur 70 
times in 100 by chance alone. We may 
assume, therefore, that for a given dilu- 
tion of serum the relation between pI of 
free virus and pI of total virus is linear and 
that we are justified in using points cn 
the calculated experimental regression line 
for the purpose of comparison with corre- 
sponding points on the control regression 
line. 

Before proceeding with the analyses, 
several points of significance for subsequent 
discussion should be noted in relation to 
the twe regression lines now established 
for each experiment. It is seen that con- 
siderable variation occurs in the slopes of 
the control regression lines drawn mathe- 
matically through the circles in the various 


figures. The extent of this variation, how- 
ever, was no greater than could have 
occurred by chance alone in individual 
experiments employing the small numbers 
of animals. The mean control regression 
coefficient of this group of six experiments 
was 4.069, which does not differ signifi- 
cantly from the slope of the previously 
determined control or standard response 
curve, namely, 4.096+0.26. The _ posi- 
tions ef the control regression lines in 
relation to the left ordinate (incubation 
period) likewise show considerable varia- 
tion in comparison with the position of the 
previously determined standard-response 
curve. These variations in slope and posi- 
tion, because of the small numbers of 
test animals, do not interfere with analysis 
of differences in test and control materials 
in the individual experiments which in- 
volve a common group of test animals. 
They do, however, prevent a direct com- 
parison of the results of the different 
experiments involving different groups of 
test animals on a basis of the incubation- 
period response per se. This difficulty. 
nevertheless, may be surmounted by the 
simple expedient of converting the ob- 
served serum-virus mixture incubation- 
period responses to pI equivalents deter- 
mined from control-virus titrations in each 
group of animals as described above. 
These equivalents of the observed incuba- 
tion periods for the serum-virus mixtures 
are given in the ordinate scales on the 
right sides of figures 21-26. By this con- 
version, the relations between free virus 
and total virus in the serum-virus mix- 
tures in one experiment can be compared 
on a quantitative basis with those of the 
other experiments. 

As already emphasized, the experimental 
regression Jine was drawn only through 
those points (solid triangles) which devi- 
ated from the control regression line. It 
is obvious from figures 21-26 that below 
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certain pI values (i. e., above certain 
virus concentrations) the results obtained 
with the serum-virus mixtures coincide 
with those obtained with the untreated 
virus. Responses to the mixtures which 
deviated from the control responses did so 
in linear fashion. They followed a steeper 
slope than did those to the control ma- 
terials, and since the relation is linear, the 
two regression lines must intersect. Since 
the amount of free virus in the mixtures 
cannot be increased above the total amount 
by the addition of serum, the point of inter- 
section of experimental with control re- 
gression line indicates a limiting pI value 
at and below which no detectable influence 
of the serum is observed. Bevond this 
limiting amount of virus, therefore, the 
results with the mixtures and control 
preparations would be expected to con- 
tinue to be identical if the amount of free 
virus of the former is the same as the total 
virus of the latter. This result indicates 
that for any given amount of serum within 
the range of pl values covered by this 
study, there is a limiting virus concentra- 
tion above which the serum is incapable 
of causing a measurable reduction in 
infectivity. 

The observed regression line of the mix- 
tures is also limited at its other extreme. 
That is, for a given amount of serum, there 
is a virus concentration below which not 
enough active or free virus remains to pro- 
duce lesions in the rabbit skin. Again 
the sensitivity of the method may influence 
the determination of this virus concentra- 
tion, but for practical purposes the virus 
may be considered to be completely 
neutralized when not enough remains to 
give detectable lesions in the rabbit skin. 
Theoretically, the lower limit to the calcu- 
lated regression line is zero virus (or infinite 
pI), and complete inactivation would be 
realized only when an infinitely small (i. e., 
zero) amount of virus is added to the anti- 


Since 
virus quantities less than chat amount re- 
quired to produce the 50-percent response 
are beyond the range practical for in- 
vestigation by infectivity measurement, 
however, the 50-percent point may be 
chosen arbitrarily as the level of complete 
inactivation. In the present experiments, 
therefore, the 50-percent point of the 
serum-virus mixture is considered as the 
average practical limit of infectivity at the 
lower extreme of virus concentrations (high 
pl values). 


serum in the various experiments. 


The equation for the experimental regression 
line 


The regression equation relating incuba- 
tion period response to serum-virus mix- 
tures of pI of the total virus in the various 
mixtures may be determined in the same 
manner as for untreated virus prepara- 
tions. However, as already pointed out, 
the pI equivalent of the incubation period 
response, determined by simultaneous ti- 
trations of standard virus material in each 
group of animals, is more accurate for the 
comparison of results obtained in different 
experiments than incubation period per se. 
These transformed values of the dependent 
variate, may, therefore, be used instead 
of incubation periods in the regression 
equations. Letting y» represent the pl 
equivalent of a given incubation-period 
response, or free virus in terms of pI, and 
x the pl of total virus in the mixtures, the 
linear regression of y on x is given by the 
straight line equation y=a+bx, where a 
and #6 are constants (within limits of 
random variation) for any given amount 
of serum (i. e., constant serum pD). 

For a given set of data determined by 
experimentation, the procedure discussed 
by Fisher (42) may be employed, and the 
regression equation used in the form 


(10) Y=a+b (x—x) 


q 
My 
“pie 
whe 
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where x is the mean concentration of total 
virus (i. e., pl) of the series of serum-virus 
mixtures which show a measurabie re- 
duction in activity and where the two 
parameters a (the position constant in 
relation to the ordinate) and 6 (the regres- 
sion coefficient or slope) are to be estimated 
from the data at hand. ? is used to repre- 
sent calculated values of » or free virus. 
In this case a is simply the mean, y, of the 
observed values of the independent variate, 
the pl equivalent of free virus, obtained in 
the experiment. Therefore, 


(11) a=y 


and equation 10 may be written 
(12) Y=y+b (x—x) 


where } is the predicted value of y (cf. 
Fisher (42)) or free virus for each value of 
x of total virus. 

The neutralization data of the experi- 
ment of figure 21 and table 10 (B) may be 
used to illustrate the use of this equation. 
The means, x, and 7, are seen to be 4.700 
and 6.451, respectively, while, 5, by stand- 
ard statistical procedures (42), is 3.778. 
Substituting these values in equation 12, 
equation 13 


(13) 2=6.451+3.778 (x—4.700) 


is obtained for the relation of the pI of free 

virus to pI of total virus in this particular 

experiment. Therefore, when total virus x 

is mixed in various amounts with a definite 

and constant amount of serum, as pD 0 

of serum D. R. 848, the amount of free 

virus may be calculated from the above 
equation by substituting a known value of 

x and solving for Y in each case. 

Relation of total virus to amount of virus neu- 
tralized by pD O of antiserum D. R. 848 in 
experiment of figure 21 
Since the total virus x is known and the 

free virus y remaining after addition of 


serum can be determined by experiment, 
the difference between these actual amounts 
will represent the virus neutralized. The 
values of x and y represent logarithms of the 
reciprocals of actual virus amounts (i. e. 
pl). Therefore, the difference between the 
respective virus amounts must be deter- 
mined from their antilogs as in the equa- 
tion 


14) A =10-7—1077 


where A is the amount of virus neutralized, 
in grams per 0.1 cc. Figure 27 shows the 
relation of the amount of virus neutralized 
to the total amount of virus mixed with 
pD 0 of serum D. R. 848. In constructing 
this figure the quantities of free virus ex- 
pected from the trend of the data as a whole 
(i. e. values of Y determined from equation 
13) were employed instead of the more 
variable observed values (i. e., y) shown in 
the last column of table 10. The values in 
this figure are shown in gamma per 0.1 cc. 
The actual amount of antibody used in 
this experiment is not known, but the rela- 
tive concentration bears a definite relation 
to the actual amount and can be converted 
eventually if it becomes possible to deter- 
mine the antibody content of serum D. R. 
848. The curve of figure 27 does, how- 
ever, represent the nature of the relation 
between the amount of virus treated and 
the amount neutralized for a given dilu- 
tion of serum. Similar curves were ob- 
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Ficure 27.—The relation of the amount of virus 
neutralized to the total amount of virus mixed 
with undiluted (pD=0) serum D. R. 848. 
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tained with the different antibody concen- 
trations (serum dilutions) used in all six 
experiments though the constants of the 
reaction were, of course, different in each 
case. 

Significant interpretations can be made 
from the curve of figure 27. For any given 
amount of antibody there is a certain ab- 
solute quantity of virus, that will be neu- 
tralized by it. On increasing the amount 
of virus mixed with this given quantity of 
serum the absolute amount of virus neu- 
tralized is decreased, and a virus concen- 
tration is ultimately reached at and above 
which no detectable effect is exerted by the 
serum. This finding, discussed at greater 
length in a subsequent paragraph, is similar 
to that relative to the “inhibitory effect” 
of excess antigen in in ritro antigen-anti- 
body reactions involved in the precipitin 
reaction (43). Obviously, virus concentra- 
tions below that which gives maximum 
neutralization will show a decrease in the 
absolute amount neutralized as the quan- 
tity of virus added to the antibody is de- 
creased though the proportion neutralized 
is systematically increased. The curve of 
figure 27, describing the neutralization of 
virus by a constant quantity of antibody, 
therefore, has two limits and a maximum. 


Trends in experimental results associated with 
progressive decreases in antiserum concen- 
tration 


Further analysis of the data of figures 21— 
26 shows that the slope of the experimental 
regression line decreases with successive 
dilutions of serum and that the point of 
intersection of control and experimental 
lines trends to the right as the concentration 
of serum is decreased (i. e. as the pD of the 
serum is increased). This is better illus- 
trated in figure 28 in which the experi- 
mental regression lines of figures 21-26 
have been entered simultaneously using 
the observed pI equivalents of free virus, 


JOURNAL OF THE NATIONAL CANCER INSTITUTE 


Jy, and total virus, x, as coordinates; the 


light broken lines represent expected regres- 
sion lines which will be discussed below. 
The points of convergence of control and 
experimental regression lines, hereafter 
referred to as coincidence points, are 
represented by the intersections of the 
regression lines of figure 28 with the 
lower diagonal line. These intersections 
are the points at which the amount of 
free virus after mixture with serum is the 
same as the total virus, or at which no 
neutralization of virus was observed. The 
solid circles represent, for each regression 
line, the coordinate points, y and x, which 
are the means described above, that is, 
mean free virus and mean total virus, 
respectively, of a given set of experimental 
data. The points marked + on the regres- 
sion lines represent the respective 50-per- 
cent points of the serum-virus mixtures in 
the various experiments. The 50-percent 
points, +, though widely scattered fall at 
random about a horizontal line drawn 
through the mean value for the entire 
group of experiments, namely, y= pI 8.368. 
In spite of the wide fluctuations of the in- 
dividual 50-percent-point estimates seen 
here, the mean of the group is remarkbly 
close to the average value found for the 
50-percent point (designated as plI;9) in 
studies on standard virus preparations 
described above, namely, pI;95=8.355. If 
the concept of the stability of the 50-percent 
point of standard virus preparations is 
correct, we should expect the 50-percent 
points of the present series of experiments 
to lie, as they apparently do, about a 
straight horizontal line drawn near the 
level, y=plI 8.355. 

The coincidence points must, by nature 
of the graph, fall along a line with a slope 
of unity and pass through zero coordinates 
since they represent points at which y=.. 
The fact that the level of intersection is 
progressively increased as the concentra- 


tion of serum employed for the series is 
decreased (pD is increased) indicates a 
correlation of the coincidence points with 
serum pD. Similarly, the group means 
represented by the sclid circles of figure 28 
follow a definite trend upward as serum 
pD is increased. It appears, therefore, 
that this statistic is likewise ccrrelated 
with serum pD. Finally, the progressive 
decrease in slope of the experimental re- 
gression line indicates a correlaticn be- 
tween slope and serum pD. 

In order to test the significance of the 
above trends, the data have been grouped 
according to serum pD (table 11 (A)), and 
the correlation coefficients determined for 
the respective statistics in relation to 
serum pD. The ccrrelation coefficients 
are given in table 11 (B) together with the 
probabilities that the observed correlations 
could be due to chance alone. The follow- 
ing notations are used in the table and in 
subsequent discussions: 


x59 Total virus in the mixture which yields 50- 
percent positive and 50-percent negative 
inoculation sites (in terms of pI). 

x.=Total virus in the mixture at the point of 
coincidence of control and experimental 
response curves (in terms of pI). 

x=Total virus in the mean of a given series of 
mixtures the response to which deviates 
from the control response (in terms of pI). 


pI OF FREE VIRUS - ¢Y? 
~ 
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Ficure 28.—Experimental regression lines (heavy 
continuous lines) of the experiments of figures 
21-26 (serum D. R. 848) compared directly 
on the basis of pI equivalents of the observed 
incubatien-period response. (See text.) The 
symbol + indicates the observed 50-percent 
points (j59, table 11), and the solid circles indi- 
cate the coordinate points y (mean of free virus) 
and x (mean of total virus) for each regression 
line. The broken lines indicate responses ex- 
pected for the various dilutions of serum accord- 
ing to the relations described in equation 19. 


Taste 11.—Correlation of statistics with dilution of serum in experiments with antiserum D. R. 848 


A 


pD of antiserum D. R. 848 
Statistic! 


0 


0.3 1.5 1.8 2.1 
(Exp. 1) | (Exp. 2) | (Exp. 3) | (Exp. 4) | (Exp. 5) | (Exp. 6) 


B 


Correlation of statistic with serum pD 


Correla- 
tion co- (Fisher's Remarks 


efficient | table V A) 
(P 


Tso 5. 3000 5, 7400 6.3141 6. 3128 6. 9470 
Te 4. 0695 4.4764 5. 0219 5. 2897 5. 8518 
Zz 4. 7000 5. 0750 5. 5555 5. 7579 6. 2200 
ys 8.7178 7.7114 8. 9902 8. 0620 8. 3701 
Ue 4. 0695 4.4764 5. 0210 5. 279 5. 8518 
y 6.4512 6. 0412 6. 6620 6. 5547 6. 6982 
3.7777 2.5117 3. 0691 2. 7163 2. 2997 


7. 4500 0. 961 | <0. 01 Significant correlation. 
6. 0992 | <. 01 Do. 
. 985 <. 01 Do. 
. 010 >.10 | No correlation. 
. 990 <.01 Significant correlation. 
*. 796 .060 Probable correlation. 
—.801 . 056 0. 


1 See notation in text. 
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JYso= Free virus in the mixture which yields 50- 
percent positive and 50-percent negative 
inoculation sites (in terms of pI). 
Free virus in the mixture at the point of coin- 
cidence of control and _ experimental 
response curves (in terms of pI). 
y=Free virus in the mean of a given series of 
mixtures the response to which deviates 
from the corresponding control response 
(in terms of pI). 

b=Slope of a given experimental regression line. 


It is to be noted that high correlations 
exist (1) between serum pD and x59 or the 
pl of the serum-virus mixture which 
yields 50-percent positive and 50-percent 
negative inoculation sites, (2) between pD 
and x or the mean pl of the series of 
mixtures which show measurable decreases 
in virus infectivity because of the serum, 
and (3) between pD and x, (=7,) or the 
pI at the point at which there is no 
decrease in virus infectivity due to the 
serum. It will be noted further, that y» 
or the mean amount of free virus, is prob- 
ably correlated with serum pD. The 
correlation coefficient (r=0.796) is high 
in this instance, but its significance is 
somewhat lessened by the large error 
associated with the small number of 
observations. The probability P=0.06 
indicates that a value this high would be 
obtained by chance alone 6 times in 100. 
Although the result could be due to chance, 
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it is not very probable, and the chance of 
being right in the assumption that this 
statistic is correlated with pD is, therefore, 
fairly good. This assumption is further 
justified by the finding of a highly signifi- 
cant correlation of this statistic with pD 
in the results observed with serum D. R. 
496 described in table 12. Ina similar way 
it may be assumed that the correlation 
between pD and 4, the slope of the experi- 
mental regression line, is probably signifi- 
cant (r=—0.801). The probability P= 
0.056 is about the same as in the foregoing 
instance, and the assumption that this 
correlation is real is further supported by 
a highly significant correlation of similar 
sort with serum D. R. 496 (table 12). 
The correlations herein demonstrated 
may, therefore, be used to determine the 
quantitative relations between the vari- 
ables (1) total virus, (2) free virus, and (3) 
relative antibody concentration in the 
serum-virus mixtures. 


Analysis of the quantitative relations between 
total virus, free virus, and antiserum D. R. 
848 


It has been shown that equation 12 may 
be used to express the relation between 
total virus and free virus when the amount 
of serum employed in the mixtures is 


Tasie 12.—Correlation of statistics with dilution of serum in experiments with antiserum D. R. 496 


A 


B 


PD of antiserum D. R. 496 


Correlation of statistic with serum pD 


Statistic! | | | | 


Proba- 
0 (Exp. 0.3 (Exp. | 0.9(Exp. | 18(Exp. | 2.7 (Exp. R 
| wm | 1% | 13) 14) efficient | , (Fishers || 
| (r) = 
| | | (P) | 
— | | 
| 
150 5. 5310 | 5.8100! —-6. 3500 | 7.2400 | 7. 8500 0.998 <0.01 | Significant correlation. 
Ze 4. 0380 4. 3280 5.0936 | 5.9307 | 6. 4760 | <.01 Do. 
4.7571 | 5. 0656 | 5.6200} 6950 | 7. 1600 | <.01 Do. 
yo | 8. 3649 | 7. 8348 | 8.1510! 8. 4906 8. 6616 734 >.10 | Nosignificantcorrelation. 
Ye 4. 0380 4. 3280 5. 0936 5. 9307 6.4760 | . 992 <.01 | Significant correlation. 
y 6. 1236 6. 0734 6. 3730 7. 4628 7. 5640 945 0156 Do. 
b 2. 8963 2. 3662 2. 4357 1.8860 | 1. 5907 —. 987 | <.01 | Do. 


1 See notation in text. 
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constant and where the values x, y, and b 
are determined from the experimental 
data at hand. Equation 12 is repeated 
here: 


(12) Y=y+b (x—x). 


As shown in the preceding discussion, the 
values of x, y, and } actually observed in 
the experiments of figures 21-26 varied 
systematically with systematic changes in 
the relative concentration of serum D. R. 
848. It has been assumed that the respec- 
tive correlations with serum pD are linear, 
within the range of serum concentrations 
covered by the present observations, for 
no systematic departure from a linear 
relation could be detected with the data 
at hand. It is possible, therefore, to 
express each of these variates as a function 
of serum pD using the equation for the 
regression of each variate on pD as cal- 
culated from the data of table 11 (A). 
Thus it is found that 


(15) y= 6.24444 0.29142, 
(16) x=4.7458+0.8227z, and 
(17) b=3.4084—0.6516z 


where z represents the pD of serum em- 
ployed in the mixtures and the other 
notations have their previous significance. 

By substituting the expressions on the 
right of equations 15, 16, and 17 for x, », 
and 6, respectively, in equation 12 a rela- 
tion is obtained which includes the three 
variables, total virus, free virus, and 
antiserum, namely, 


(18) Y=(6.2444+0.29142) +(3.4084 
—0.6516z)|x— (4.7458+ 0.82272)]. 


This, when simplified, becomes 


(19) Y=0.53612?—0.6516zx+0.5788z 
+3.4084x— 9.9312, 


where Y is the calculated value of » (free 
virus) for any combination of x (total virus) 


and z (serum). It should be remembered 
that the values of x, Y, and z in this equa- 
tion are in terms of logarithms of recipro- 
cals as represented by pI and pD. 

Equation 19 represents the best approx- 
imation of the relations between total 
virus, free virus, and serum D. R. 848 
as determined statistically from the pres- 
ent series of observations. It is recog- 
nized that the statistical variables in this 
analysis are subject to random errors asso- 
ciated with biological experiments when 
small numbers of animals are employed 
for the unit observations. It has not been 
the purpose of this study to estimate 
the true values of the constants of equation 
19, i. e., those which would be obtained 
with an infinite series of animals, but to 
obtain some information as to the nature 
of the relation between the three variables 
as a basis of approach to further quanti- 
tative studies. The equation can be con- 
sidered strictly applicable, therefore, only 
within the limits of the x and z values 
included in this study and then with the 
recognition of random variations inherent 
in the method. 

The expected response curves, referred 
to above, for the amounts of virus and 
serum employed in the experiments of 
figures 21-26 have been calculated from 
equation 19. They are represented by 
the broken lines of figure 28. It will be 
noted that two of the six experimental 
regression lines are almost identical with 
the expected while the remaining four 
vary about their respective calculated 
counterparts in random fashion. In all 
of the experiments the x? test for goodness 
of fit gave a probability, P, greater than 
0.10. For these x? tests, the expected 
results (Y values calculated from equation 
19) were transformed into incubation- 
period equivalents on the basis of the 
control response for comparison with the 
observed incubation-period responses. 
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We may conclude, therefore, that equa- 
tion 19 expresses satisfactorily the relations 
between total virus, free virus, and anti- 
serum, and that interpretations based on 
this equation will not differ significantly 
from those based on the actual observa- 
tions within the limits of virus and serum 
concentrations employed in the present 
study. 


EXPERIMENTS IN WuiIcH ConsTANT TOTAL 
Virus Was Mrxep WitH SUCCESSIVE 
Dicutions OF ANTISERUM D. R. 848 


Two experiments were made in which a 
constant quantity of papilloma virus was 
mixed with each of 12 successive twofold 
dilutions of antiserum. In the first of these 
experiments, the results of which are shown 
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Figure 29.—Incubation-period response to a constant amount of total virus (pI 6.5) mixed with successive 
dilutions of serum D. R. 848. A, Points show observed response. The curve was drawn by inspection. 
Horizontal line represents level of response to untreated virus of pI 6.5 as determined from control 
regression line of B. B, Control regression line of untreated virus in same group of test rabbits. 
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in figure 29, the amount of virus employed 
was 10~*° gm. per 0.1 cc. of the serum-virus 
mixture, i. e., pl 6.5. This experiment 
was carried out in the early course of the 
present study and the apparent tendency 
for the incubation-period response to 
curve in this case led to direction of interest 
to the previous type of experiment, that is, 
with constant serum, in which the response 


was linear and therefore simpler to analyze. 
The control regression line of figure 29, B, 
was used to determine the pI equivalents 
of the incubation-period responses in this 
group of animals in the same manner as 
that described in the foregoing analyses. 
Thus, the free virus in the mixture of 
figure 29, A, could be determined from 
the respective incubation-period responses 
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Ficure 30.—Incubation-period response to a constant amount of total virus (pI 5.6) mixed with suc- 
cessive dilutions of serum D. R. 848. A, Points show observed response. Curve was drawn by in- 
spection. Horizontal line represents level of response to untreated virus of pI 5.6 as determined from 
the control regression line of B. B,Control regression line of untreated virus in same group of test rabbits. 
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by converting them to the pI equivalents, 
which are given in the right ordinate scale 
on the basis of the control response in the 
same group of animals. Since the experi- 
mental response is apparently curved, no 
attempt has been made to predict its exact 
nature from the limited data of this ex- 
periment alone. The curve through the 
solid squares in figure 29, A was drawn by 
sight. Since an equation has been found 
which describes very well the quantitative 
relations of the previous section, we may 
now substitute the total virus. x, and the 
serum amounts, z, used in the present 
experiment in equation 19 to ascertain 
whether it also serves to predict results ob- 
tained with a constant amount of virus 
and variable quantities of antiserum. The 
results shown in figure 29, A, have been 
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Ficure 31.—Relation of free virus in terms of pl 
equivalents to serum pD when successive dilu- 
tions of serum are added to constant quantities 
of total virus. Solid squares represent observed 
points of the experiment of figure 29, and solid 
triangles those of the experiment of figure 30. 
The respective curves, drawn mathematically 
by substitution of the observed data in equa- 
tion 19, represent responses expected. 


converted to pI equivalents of free virus 
and plotted against total virus in the upper 
curve of figure 31. In this figure the con- 
tinuous line, drawn mathematically through 
the solid squares by substitution in the 
equation, represents the expected response 
from equation 19, using the constant value 
pI 6.5 for x, and the various z values shown 
along the abscissa in terms of serum pD. 
The solid squares represent the observed 
free virus as determined from observed 
incubation-period responses. Although 
the calculated response does curve slightly 
the curvature is less than that which would 
best fit the observed points. Nevertheless, 
it is obvious that the observed points cor- 
respond very well to the expected. When 
the expected responses are converted from 
pI equivalents to incubation-period values 
expected from a group of animals which 
reacts to the control-virus preparations as 
in figure 29, B, the x? test for the goodness 
of fit gives a probability, P, of 0.99. Thus, 
it is seen that equation 19 predicts well 
within limits of random sampling the re- 
sults to be expected in the present ex- 
periment. 

In the second experiment of this type a 
constant quantity of virus corresponding to 
pI 5.6 was employed. The experimental 
and control results are shown in terms of 
incubation-period response in figure 30, 
A and B, respectively. The converted ob- 
served response in terms of pI equivalents 
of free virus plotted against serum pD is 
shown in the solid triangles in figure 31, 
as compared with the expected response 
indicated by the continuous line of the 
lower curve. Again the fit is excellent as 
determined by x?, based on observed and 
calculated incubation-period response, 
since P =0.99. 

The results confirm the relations be- 
tween total virus, serum, and free virus 
as described by equation 19. It should be 
recalled that the equation is limited at the 
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point at which free virus is equal to total 
virus since there can be no increase in 
virus due to the addition of serum. 
Beyond this point all mixtures will give 
the same response as the control prepara- 
tions of the same pI, and for constant 
amounts the response will be a horizontal 
line (fig. 31) through the ordinate at the 
level of the pI corresponding to the totat 
virus concentrations. 


ResuLts OBTAINED WHEN A MIXTURE OF 
PaAPILLOMA VIRUS AND ANTISERUM D. R. 
848 Was DiLuTEp SwuccEssIVELY AND 
INOCULATED INTO RABBITS 


In this experiment a mixture of serum 
D. R. 848 in the 1:4 dilution, pD=0.6, 
and virus in a final concentration of pl 
5.0 was prepared. The mixture was al- 
lowed to stand at room temperature (24°— 
26° C.) for 2 hours and then carried 
through 12 successive twofold dilutions 
with 0.9 percent NaCl solution. Each 
dilution of the mixture, as well as each 
of a series of control virus dilutions, was 
inoculated into a group of test animals. 
The average response of the rabbit group 
to control inocula is shown by the circles 
of figure 32. The responses to the various 
dilutions of the serum-virus mixture are 


shown by the solid triangles of figure 32. 
The pl scale along the lower abscissa gives 
the virus content of each dilution of the 
mixture as well as that of the correspond- 
ing control preparation. The upper ab- 
scissa scale shows the relative amount of 
antibody, in terms of pD of the original 
serum, in each dilution of the mixture. 
The left ordinate scale shows the incuba- 
tion-period response to control and ex- 
perimental materials, and the right ordi- 
nate scale shows the pI equivalents of the 
incubation-period responses as calculated 
from the control regression line drawn 
mathematically through the circles. As 
in the previous analyses, the pI equivalent 
of the incubation-period response is taken 
as the amount of free virus. Figure 33 
shows the observed free virus, y, (solid 
triangles) plotted against total virus, x. 
The broken line of this figure represents 
the control response where free virus equals 
total virus, and the continuous line rep- 
resents the expected response to the dilu- 
tions of the serum-virus mixture calculated 
by means of equation 19. Beginning with 
x=plI 5.0 and z=pD 0.6 for the original 
serum-virus mixture, each value was in- 
creased by 0.3 in each successive twofold 
dilution of the mixture. Substituting val- 
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Ficure 32.—Observed incubation-period response (solid triangles) to successive dilutions of a serum-virus 
mixture of pI 5.0 and pD 0.6. Circles represent response to control virus solutions. The line indicates 
the control-regression line for conversion of incubation-period response to pI equivalents. 
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ues thus obtained in equation 19 and 
solving for Y in each case, the continuous 
line curve of figure 33 was obtained. 
As in the previous analyses, the equation 
is limited at the point where the free virus 
gives the same response as the total virus. 
Beyond this point the response to dilutions 
of the mixture should coincide with that 
to the corresponding controls. Whether or 
not the point of coincidence, as predicted 
in this case by equation 19, is accurate 
cannot be stated since the serum quantity 
involved in the dilution giving this point, 
namely, about pD 3.0 was outside the 
limit (beyond pD 2.1) actually covered 
by experimental observations on which the 
equation was based. The nature of the 
correlation between the different variables 
in this region, therefore, is not definitely 
known. Regardless of this fact, the fit 
is excellent as may be seen from inspec- 
tion of figure 33; this is ccnfirmed by 
the high probability, P=0.99, obtained 
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Figure 33.—The relation of free virus, in terms 
of pI equivalents, to serum pD and pl of total 
virus in the experiments of figure 32. Solid 
triangles represent observed points. The curve 
through them represents response expected from 
equation 19. The broken line represents response 
to the control solutions of untreated virus. 


for the x? test, when observed and expected 
incubation-period respenses are compared. 

With dilution experiments of the present 
type, therefore, equation 19 gives a very 
good estimate of results to be expected. 
This close correspondence of observed 
with expected results further confirms the 
relationship between serum, total virus, 
and free virus as expressed by equation 19, 


EXPERIMENTS IN WHICH CONSTANT AMOUNTS 
oF ImmMuNE D. R. 496 WERE 
Mrxep WITH SuccessivE QUANTITIES OF 
Virus 


Five experiments using serum-virus mix- 
tures of system A have been made with 
serum D. R. 496. In each experiment a 
constant volume of a particular dilution 
of this serum was mixed with successive 
amounts of total virus. The relative 
serum concentrations employed in the 
different experiments were pD=0, 
pD=0.3, pD=0.9, pD=1.8, and pD=2.7, 
respectively. The individual experiments 
gave results quite similar in type to those 
obtained with serum D. R. 848 shown in 
figures 21-26, and, therefore, are not 
reproduced here. The results obtained 
in the group of experiments with serum 
D. R. 496, however, are summarized in 
the continuous lines of figure 34 and in 
table 12 (A). The broken lines of figure 
34 are expected response curves, calcu- 
lated from the data described below. It 
will be seen in table 12 (B) that all but 
one of the statistics in the first column 
are significantly correlated with the pD 
of the antiserum. As pointed out above, 
this one exception, namely, the amount 
of free virus in the mixture yielding 
50-percent positive and 50-percent nega- 
tive inoculation sites, y59, would not be 
expected to be correlated with serum 
pD. Any material which yields 50-per- 
cent positive and 50-percent negative 
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pO SERUM 


pl OF FREE vIRUS 
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Ficure 34.—Experimental regression lines (heavy 
continuous lines) of experiments with serum D. 
R. 496 compared directly on the basis of pl 
equivalents of the observed incubation-period 
response. The symbol + indicates the observed 
50-percent points (59, table 12), and the solid 
circles indicate the coordinate points y (mean 
of free virus) and x (mean of total virus) for 
each regression line. The broken lines indicate 
the responses expected for the various dilutions 
of serum according to relations described in 
equation 20. 


inoculation sites would be expected to 
contain free virus on the average in a 
concentration equivalent to pl 8.355, 
regardless of the amount of antiserum 
present. The average amount of free 
virus in those mixtures yielding the 50- 
percent point, y’59, in this series was found 
to be pI 8.300. This value does not differ 
significantly from that found in the pre- 
ceding studies with serum D. R. 848, or 
from the average value found for untreated 
purified virus protein, pI;9>=8.355. Each 
of the remaining statistics in column 1 of 
table 12 manifests a significant correla- 
tion with relative antibody content as 
measured by serum pD. As in the instance 
of the similar results with serum D. R. 
299967—41—_—6 


848 the correlation may be assumed to be 
linear in each case since any departure 
from linearity, within the range of virus 
and serum concentrations covered by this 
study, is less than can be detected by the 
method. By using the data of table 12 
(A) and following the same mathematical 
procedures developed above, the following 
equation was obtained for the relations 
between free virus, total virus, and dilu- 
tion of serum D. R. 496. 


(20) 
+2.7314x—7.1251 


where Y is the calculated value of » or free 
virus for any combination of assigned 
values for x and z. 

The expected responses calculated by 
means of equation 20 are shown by the 
broken lines of figure 34. Again it was 
found that the differences between ob- 
served and expected response curves were 
well within the limits of random variation. 
The results obtained with serum D. R. 
496, therefore, confirm the correlations 
and the type of relation between z, y, and 
x found for serum D. R. 848. It should be 
pointed out again that the pD values are 
purely relative and hold only in the case 
of a given antiserum. The results with 
the two antisera cannot, therefore, be 
compared directly on a basis of equations 
or charts involving pD values. 


DETERMINATION OF THE 50-PERCENT POINT 
SERUM-VIRUS RELATION FROM RELATIONS 
EsTABLISHED ON Basis OF INCUBATION- 
Periop RESPONSES 


Still another procedure is available for 
testing the adequacy of equations 19 and 
20 to predict results obtained with sera 
D. R. 848 and D. R. 496, respectively. 
The equations developed in the foregoing 
analyses were derived entirely from incu- 
bation-period responses actually measured 
in test animals. It is possible, however, 
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from the recorded observations of the 
frequency distribution of positive and nega- 
tive inoculation sites to determine the 
serum-virus mixture in each experiment 
which gave 50-percent positive and 50- 
percent negative inoculation sites. These 
points, designated as x5, have already 
been given in tables 11 and 12. It should 
be emphasized that such determinations 
are of an entirely different character 
from those of incubation-period measure- 
ments, and that the two types of analyses 
are entirely independent. In a_ study 
described in a preceding section a quan- 
titative relation was shown to exist between 
the percentage positive inoculation sites 
and the incubation-period response of 
standard purified virus preparations. It 
was also demonstrated that the quantity 
of purified virus required to give the 50- 
percent point was constant, for all prac- 
tical purposes, and that this quantity 
corresponded on the average to 107° 
gm. of virus in 0.1 cc. of inoculum. or 
pl,=8.355. As already pointed out the 
quantities of free virus, y59, in the 50-per- 
cent point serum-virus mixtures were not 
correlated with serum pD in the case of 
either serum but were grouped around 
their respective mean values in random 
fashion. It was further shown that the 
average values for ys were pl 8.368 and 
pI 8.300 for sera D. R. 848 and 496, 
respectively. These values do not differ 
significantly from the previously deter- 
mined value plj»=8.355 for standard 
virus preparations. In the case of un- 
treated or standard virus the free virus 
is equal to total virus =x»), whereas 
in the case of serum-virus mixtures the 
total amount of virus, x59, required to give 
50-percent positive and 50-percent nega- 
tive inoculation sites will vary with the 
amount of serum in the mixture. The 
quantity of free virus, y5, in any mixture 
which yields such a result is constant, 
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within limits of experimental error, re- 
gardless of the amounts of total virus and 
serum in the mixture. 

Using the established relation between 
the 50-percent point and the pI of purified 
virus, namely, plj;=8.355, equations 19 
and 20, derived in the present study on the 
basis of incubation-period responses alone, 
can be tested to see how accurately they 
predict x59, or total virus, values of the 
50-percent serum-virus mixtures observed 
in the present experiments. For this pur- 
pose we may assume that the amount of 
free virus, y50, is constant for all mixtures 
giving the 50-percent point and is equiva- 
lent to pI 8.355 of purified virus. There- 
fore, the value of Yin equations 19 and 20 
may be considered constant and equal to 
pl 8.355. The equations may then be 
solved for x to predict the total amount of 
virus in the mixture giving this response 
for any desired concentration of anti- 
serum, i. e., value of z. As an example 
equation 19 may be employed to predict 
total virus, x5, required for each amount 
of antiserum, z, to give an amount of free 
virus, 7, equal to pI 8.355. With this 
assigned value of ?, equation 19 may be 
written 
(21) 8.355=0.5361 2?—0.6515 z2x+0.5788z 

+ 3.4084 x —9.9312 


where x= X59. The notation is used to 
distinguish calculated or expected quan- 
tities of total virus required to produce 
50-percent positive inoculation sites from 
the observed values which are indicated 
by x50. This equation when solved for x 
becomes 
(22) 0.5788 18.2862 
0.6516 z—3.4084 


Equation 22 may now be used for the 
determination of expected amounts of 
total virus, X35, which would be required 
to give a 50-percent response when mixed 
with the various quantities of antiserum, 
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z, employed in the actual experiments. 
Assigning values of z and solving for X59 in 
equation 22, a series of values were obtained 
which are shown graphically by the con- 
tinuous line of figure 35. The circles of this 
figure represent observed x59 values. The 
broken line represents the best straight line 
drawn through the observed points by the 
method of least squares. It will be ob- 
served that the continuous line determined 
by equation 22 and the broken line deter- 
mined from the observations themselves 
are very nearly the same although the 
former curves slightly at its right extrem- 
ity. For the range of serum concentrations 
covered by this study, therefore, the average 
results determined from the observations 
themselves and those predicted on the 
basis of equation 22 and a previous esti- 
mate of plIs9 are practically identical. It 
will be recalled that in the present experi- 
ments with this serum, the average value 
of y59 was pI 8.368. This value is very 
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Ficure 35.—Relation of pI of total virus to pD of 

serum D. R. 848 giving the 50-percent-point 
response in experiments of figure 28. Points 
represent observed relation. The broken line is 
the best straight line through the points, and the 
continuous curve indicates the response expected 
from equation 22. 
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Ficure 36.—Relation of pI of total virus to pD of 
serum D. R. 496 giving the 50-percent point 
response in experiments of figure 34. Points 
represent observed relation. The broken line 
is the best straight line through the points, and 
the continuous curve indicates the response 
expected from equation 20. 


nearly the same as the previously estab- 
lished standard value pIjy=8.355 used in 
deriving equation 22. 

The results obtained for serum D. R. 496 

using the equation 

_ 0.40272?+0.1979z—15.4801 
0.43552—2.7314 
are shown graphically by the continuous 
line of figure 36. The circles of this figure 
represent the independent determinations 
of x59 on the data of the experiments with 
serum D. R. 496. The broken line repre- 
sents the best straight line drawn through 
the observed points by the method of least 
squares. 

It will be noted that the slope of the 
straight line portion of the continuous line 
of figure 36 is slightly less than that for the 
broken line and that the former curves 
appreciably at its right extremity. Further, 
the curvature is in the opposite direction 
and more pronounced than that observed 
in figure’ 35 for serum D. R. 848. It will 
be recalled that the average value of 95) ob- 
served with this serum was pI 8.300, which 
is slightly different, but not significantly so 
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from the standard value, namely, pl 8.355, 
used in the calculations. Whether the 
curvature shown by the solid curves of 
these figures represent trends actually to be 
expected, or whether they are artifacts due 
to errors associated with the estimates of 
the various trends used in the development 
of the respective equations, cannot be said 
at the present time. As emphasized above, 
the few points on which the various trends 
were determined, and the variability inher- 
ent in the method when only small num- 
bers of test animals are employed for the 
unit observations preclude the detection of 
curvatures, of the magnitudes here illus- 
trated, by means of the distribution of the 
observed points themselves. As previously 
shown, the correlation of x; with pD is 
highly significant for both sera (tables 11 
(B) and 12 (B)), and no departure from a 
linear relation could be determined from 
the observed points in either case. How- 
ever, equations 22 and 23 indicate that the 
regression of x3) on pD actually describes a 
slight curve in each case as shown in figures 
35 and 36, respectively. Determination of 
their true natures could be accomplished 
only with extremely large numbers of ani- 
mals and numerous experiments with a 
given antiserum since the curvature is less 
than can be detected under present condi- 
tions. Regardless of this fact, however, the 
equations may be used for predicting x5» 
values within the experimental range when 
the equation involving a given serum is 
known, for the observed points fit such cal- 
culated values well within the limits of 
random sampling and fully as well as the 
observed results fit expected results in the 
other analyses of this study. 


DISCUSSION AND INTERPRETA- 
TION 


In this paper have been gathered the 
principal data collected in studies on the 
purification and properties of the papil- 


JOURNAL OF THE NATIONAL CANCER INSTITUTE 


loma virus. Investigations of the chemical 
and physical nature of the material have 
been few, being limited in general to 
examinations immediately essential to the 
development of the ultracentrifugal pro- 
cedures yielding the purified product. 
For the most part attention has been 
directed toward its biological characters 
chiefly because of the limited amount 
available and the necessity for adequate 
criteria for the correlation of results in the 
various fields. The present work has 
yielded a wealth of data established for 
the most part within well-defined quanti- 
tative limits. The purified material with 
which, within the limits of the best meth- 
ods yet available, are associated the prop- 
erties of the virus, is peculiarly well suited 
to quantitative biological investigation 
and thus extends great promise for the 
solving of numerous troublesome problems 
related to the properties of viruses in 
general and to virus-induced tumors in 
particular. The results of carefully con- 
ducted studies of the purified material 
are usually clear-cut and to a considerable 
extent interpretations are self-evident, 
eliminating the necessity for more than a 
minimum of speculation leading to further 
investigation. Physical, chemical, and bio- 
logical methods of demonstrable ade- 
quacy are at hand for extension of quanti- 
tative correlation of findings in the differ- 
ent fields. 

The purified material subjected to study 
in the present work has been obtained 
only from relatively highly infectious 
extracts of cottontail-rabbit warts. The 
isolated product is essentially protein in 
nature and can be obtained in a state of 
high homogeneity as indicated by exami- 
nation in the analytical ultracentrifuge. 
This criterion is employed since it has 
been the best available for the purpose, 
and interpretations of the findings have 
been made with a knowledge of the limits 
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within which the results have had mean- 
ing. The material sediments with the 
sharp boundary of a homogeneous molecu- 
lar species and at a rate corresponding 
to a sedimentation constant of S29.=ca. 
26010- cm. sec.~' In some 
instances a double boundary is present, 
the sedimentation constant of which is 
375X10-" cm. sec.~' dynes. 
The biological methods now in use have 
not yet been employed to study the relation 
of the two components with respect to 
infectivity or other properties. The con- 
ditions responsible for the existence of the 
two components simultaneously are un- 
known. The heavier component, how- 
ever, is always secondary and has not been 
seen alone. 

The amount of protein obtained from 
infectious extracts is roughly proportional 
to the infectivity of the initial material. 
Quantitative studies directed solely toward 
determining the exact relation have not 
been made, since the significance of 
infectivity measurements on crude extracts 
in relation to physical mass of virus present 
has not yet been investigated. <A general 
proportionality does exist, however. From 
cottontail-rabbit wart extracts of very 
low infectivity a somewhat inhomogenous 
product may be obtained, and from nonin- 
fectious domestic rabbit warts no material 
remotely resembling the purified product 
can be obtained. All of the studies thus 
far made indicate that, within the limits 
of the methods used, the material is 
relatively uniform in constitution and 
biological behavior. 

The results of studies on infectivity and 
complement-fixing capacity of the pro- 
tein have been described within statistical 
limits, and application of the data can be 
made on this basis under the standard 
conditions described. Aside from the 
reproducibility of the results, the special 
advantage of the incubation-period re- 


sponse to the virus should be strongly 
emphasized. With this relation, the in- 
fectivity of any individual inoculum within 
a broad range can be determined with a 
relatively high degree of accuracy. In 
many problems, end point and 50-percent 
point results are misleading and from 
them certain quantitative interpretations 
are difficult to make. This is especially 
illustrated in the findings of the studies on 
papilloma-virus neutralization. 

The studies on the character of host 
response to the papilloma-virus protein 
have yielded findings meriting consider- 
able emphasis. The results indicate that 
the frequency distribution of positive and 
negative inoculations with graded amounts 
of papilloma virus (as well as the corre- 
sponding distributions with vaccinia and 
myxoma viruses) is due chiefly to varia- 
tions in host susceptibility or response. 
This is contrary to Parker’s concept that 
the character of the distribution is deter- 
mined only by virus factors concerned with 
the chance presence or absence of virus 
particles in the inocula. Numerous exper- 
imental data obtained with both papilloma 
and vaccinia viruses support the present 
hypothesis, which attributes to the host 
the primary role in the determination 
of the pattern of response to these infec- 
tious agents. The concept is further sup- 
ported by the extensive studies in the field 
of pharmacology in recent years. Here, 
the character of host response to many 
drugs has been attributed in large part to 
variations in host susceptibility or resist- 
ance (22, 35). In the instance of viruses, 
variations in the susceptibility or resist- 
ance of animals to infection are well-known, 
but the character of this variation has not 
been extensively studied. Not enough work 
has been done with viruses from this point 
of view to make possible more than the 
suggestion that the character of response 
to infection with these agents, as in the 
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instances of many drugs, is determined in 
the main by variations in host resistance 
or susceptibility. This is not meant to 
imply that factors determining host resist- 
ance to viruses are the same as those related 
to resistance to drugs. A demonstrable 
resemblance between the character of the 
response to viruses and that to drugs would 
indicate only that the distributions of vari- 
ations in the respective factors concerned 
are the same in the two instances. No 
information would be furnished relative 
to the nature of the factors in either case. 

The special significance of the present 
findings in the problem of papilloma- 
protein infectivity may be briefly stated. 
If the dose-response frequency is charac- 
terized chiefly by host variations, it is 
clear that Parker’s frequency distributions 
did not correspond to Poisson curves at 
all but were host-response curves of a 
character somewhat similar to that of the 
Poisson curve. It follows, then, that the 
specific character of the curve per se is not 
a measure of virus infectivity nor does it 
furnish any information concerning the 
numerical relation of virus particles and 
infectious units in the absence of previously 
determined quantitative relations. Thus, 
the specific character of the dose-response 
curve obtained with the papilloma protein 
has no bearing on the finding that an 
average of 94,000,000 particles of virus 
are contained in the 50-percent-point di- 
lution. This observation, then, stands as 
a direct measure of papilloma-protein in- 
fectivity expressed in terms of a definite 
numerical relation of protein molecules to 
50-percent point infectious unit. The 
same can be said with equal assurance for 
the results of various investigations with 
vaccinia. 

It should be noted that under certain 
conditions, as Neymann (4/) has suggested, 
variations both in dosage and animal 
response would be expected to contribute 


appreciably to the characterization of 
response. A situation of this sort could 
exist in instances where a particularly in- 
fectious strain of virus is employed and few 
particles are necessary to infect, as, for 
example, the strain of vaccinia elementary 
bodies used by Smadel, Rivers, and Pick- 
els (29). If studies were made in animals 
of wholly uniform resistance or suscepti- 
bility. the resultant response curves would 
be expected to be identical with some dis- 
tribution described by the Poisson law. 
Thus, if a group of animals possessed no 
resistance to the virus, in which instance 
every intact virus particle would infect. 
the response curve would be of the form 
of the Poisson frequency for the distribu- 
tion of one or more particles. If, however, 
some uniform degree of resistance were 
present, some other Poisson frequency 
should be observed, such as that for the 
distribution of two or more particles, 
or three or more, etc. In all of the experi- 
ments with the papilloma protein and 
Parker's results with vaccinia, however, 
the resemblance between the response ob- 
served and the Poisson distribution was 
always closest to that for one or more parti- 
cles. and it is clear that such a particle 
distribution does not exist under the condi- 
tions of the experiments with these two 
viruses. 

The most gratifying findings with the 
purified papilloma protein have been those 
concerned with the relations between virus 
and immune serum in the neutralization 
reaction. Despite variations inherent in 
the metheds used, the results have been 
readily adaptable to mathematical ex- 
pression. In addition to the knowledge of 
the behavior of the papilloma virus, the 
data provide the basis for a clearer insight 
into the possible relations involving other 
viruses. The findings have been presented 
above and the following interpretations are 
offered as one view of their meaning. 
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There is, at the present time, no un- 
equivocal evidence of the nature of that 
influence of immune serum upon virus 
which results in the diminution of infec- 
tivity of virus with which it is mixed. The 
phenomenon of “neutralization” is one 
which is, as yet, detectable and measurable 
only on the basis of infectivity. Experi- 
ments can be set up by mixing immune 
serum with virus in the test tube under 
given conditions with respect to virus 
and serum quantities, temperature, etc., 
but an idea of what may occur in vitro 
can be gained only by inoculation of the 
reagents into suitable test tissue. The 
experiment begun in vitro becomes finally 
one zn vivo, and with the conversion there 
are introduced factors concerned with host 
potentialities. While it is certain that 
immune serum possesses the capacity to 
contribute to the lessening of virus infec- 
tivity, the mechanism of its action is ob- 
scure. It is possible that serum influence 
is exerted (1) solely on the virus in vitro 
or (2) only on the tissue after inoculation. 
It is likewise possible (3) that neutraliza- 
tion occurs only as the resultant of the 
combined and concerted action of immune 
serum and host influence on the virus, 
or of host influence on a hypothetical com- 
bination of virus and serum which could 
have arisen in vitro. These and other possi- 
ble interrelations of serum, virus, and test 
tissues in virus neutralization are generally 
well recognized. To say that virus is 
neutralized or inactivated, etc., by immune 
serum can mean only that the response of 
the test tissue to a serum-virus mixture is 
less than that to the same amount of un- 
treated virus. Any term such as neutrali- 
zation, inactivation, etc., employed to 
designate the occurrence of the phenome- 
non at the present, clearly has no meaning 
with respect to the mechanism involved. 
However, when virus and immune serum 
are mixed and inoculated under proper 


conditions, the net result is one that might 
be expected if the virus were actually 
neutralized zn vitro by the serum. There- 
fore the diminution in infectivity can be 
adequately and conveniently discussed 
through use cf the term “‘neutralization” 
so long as it is borne in mind that no impli- 
cations concerning the mechanism are 
intended. 

The purpose of the present experiments 
has been the study of the relations between 
virus quantity and antiserum quantity 
involved in the neutralization of the puri- 
fied papilloma virus in the presence of 
anti-papilloma virus-immune serum. It 
was considered possible in the beginning 
that, by means of the previously described 
incubation-period technique which fur- 
nished a procedure for accurate assay of 
virus infectivity, the relations could be 
found and could be described on a quanti- 
tative basis. The experiments, therefore, 
were made under conditions that were 
standardized throughout. Further, the 
studies were limited to a very nar1ow phase 
of the general problem. The investigation 
consisted essentially in the determination of 
the capacity of a single immune serum to 
neutralize the papilloma virus and the 
effects of dilution on this property of the se- 
rum. The effects of dilution on the infec- 
tivity of the pure papilloma virus with re- 
spect to the incubation-period response have 
already been found, and the various virus 
preparations employed thus may be consid- 
ered standard in the exhibition of standard 
behavior. By mixing successive dilutions 
of serum with known physical and biologi- 
cal amounts of virus, the absolute neu- 
tralizing effect of each dilution of the 
particular serum could be established. 
A mathematical relation was derived 
which described the experimental results 
well within the limits of accuracy of the 
methods used. It thus follows that the 
effect of every quantity of this serum on 
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every quantity of the virus lying within 
the experimentally established limits can 
be determined. 

The results of the experiments are 
clearly described in the mathematical 
relations derived from them. Their con- 
sistency warrants advancement of the 
empirically established relation as a work- 
ing hypothesis applicable to the descrip- 
tion of papilloma virus-immune serum 
interrelations in the phenomenon of neu- 
tralization. This can be stated mathe- 
matically in its general application as 


(24) y= A2?— Bext+ Dz+ Ex—F. 


This equation shows the interrelation 
between (1) the logarithm (of the recipro- 
cal) of serum dilution, z; (2) the logarithm 
(of the reciprocal) of total virus present, 
x; and (3) the logarithm (of the reciprocal) 
of the quantity of free or unneutralized 
virus, y. Under the standard conditions 
employed in the present experiments, 
the coefficients A, B, D, E, and F are con- 
stants for a given serum. The general 
equation has been found to hold for two 
different sera. For each, however, the 
respective coefficients were slightly differ- 
ent in value. The significant of the 
differences, that is, their dependence on 
the characteristics of various sera, of ani- 
mal response. or other factors is not known 
at present. For each antiserum the con- 


stants can be determined empirically 
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Figure 37.—Relation of virus neutralized to 
total virus mixed with the lower dilutions (pD) 
ot serum D. R. 49%. 


under established experimental conditions, 

The interrelations between the three 
variables described are more clearly vis- 
ualized if the general equation is broken 
down into its component parts by showing 
the relation between only two variables 
when the third is kept constant. 

(1) When a constant volume of a given 
dilution of immune serum is added to a 
constant volume of successive dilutions of 
virus, that is, when z is constant, z= 2p. 
the relation between x and » is 
(25) y= ( E— Bzy)x+ Dz—F). 
This is an equation for a straight line indi- 
cating that, within the biological range 
studied under the prescribed conditions, 
the relation between the logarithm of total 
virus, x, and the logarithm of free virus, », 
is linear (fig.28). It should be emphasized 
that the equation is limited at the point 
where free virus is equivalent to total 
virus or where y=x. By subtracting the 
antilogarithm of the values of free virus 
calculated from this equation from the 
antilogarithm of the total virus in the 
respective serum-virus mixtures, the cor- 
responding values of the amounts of virus 
neutralized can be obtained. The results 
thus obtained are illustrated in figure 37 
which shows the relations, calculated in 
gamma of virus per 0.1 cc., between virus 
neutralized and total virus for several 
dilutions of immune serum. It is clearly 
seen that a given quantity of serum does 
not neutralize a fixed quantity of virus 
but that the quantity neutralized is de- 
pendent on the relative proportions of 
virus and serum present. For a given 
quantity of serum, the capacity to neutral- 
ize increases with increase in total virus 
added up to a certain point. At this 
point, the absolute quantity of virus 
neutralized reaches a maximum; beyond 
this point, the capacity to neutralize 
decreases with increase in the total virus 
present until a level of total virus is reached 
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where no effect is seen. It is thus apparent 
that the neutralization effect observed is 
definite and quantitative and dependent 
on the relative concentrations of virus 
and serum. It is further evident that the 
proportion of virus neutralized by a given 
quantity of antiserum diminishes progres- 
sively with increase in total virus. Within 
the limits of the present experiments, the 
essential relation was not altered by dilu- 
tion of the antiserum as may be seen in 
the similar characters of the curves for 
the respective serum dilutions (fig. 37). 

(2) When successive dilutions of a given 
immune serum are added to a constant 
quantity of virus, that is, when the total 
virus, x, is constant, x= xo, the relation be- 
tween z and y is 


(26) y=Az?+(D—Bxo)z+ (Exo—F). 


This equation represents that of a parabola, 
and illustrations of the curves obtained 
under the prescribed conditions are shown 
in figure 31 in which the logarithm of free 
virus is compared with the logarithm of 
serum dilution. It should be emphasized 
that the equation is limited at the point 
where free virus is equivalent to total virus 
or where x=y. It is seen that as smaller 
and smaller quantities of serum were added 
to a fixed quantity of virus, the relative 
capacity of the serum to neutralize appears 
to increase, at first slightly and then more 
rapidly, in the region of low serum concen- 
tration. This increase in relative neutral- 
izing capacity is, of course, a function of the 
systematic changes in the proportions of 
serum and virus present, corollary to the 
relations described in the preceding para- 
graph. The exact relations giving rise to 
this observed result may be visualized from 
figure 38, which is an enlarged section of 
figure 37. In a hypothetical experiment, 
for instance, successive dilutions of anti- 
serum may be added to a constant amount, 
say, to 1.0 gamma of total virus. A line 
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Ficure 38.—Relation of virus neutralized to total 


virus mixed with the higher dilutions (pD) of 
serum D. R. 496. 


passed through the point on the abscissa 
representing this virus quantity and parallel 
to the ordinate cuts the various serum- 
dilution curves describing the absolute 
neutralizing effect of these various quanti- 
ties of serum on that particular amount of 
virus. It is obvious that this line does not 
pass through the same relative points on 
the various curves. 

For the lower dilutions of serum (lower 
pD values) the line passes through the 
relatively extreme portion of the ascending 
left limb of the curve far below the level of 
the maximum effect which could be exerted 
by that particular quantity of serum with 
the proper concentration of virus. For the 
successive dilutions of serum, however, the 
line cuts the curves nearer and nearer the 
peak representing the maximum effect of 
the various dilutions of serum. Essentially, 
then, the points on the respective curves 
are ascending the left limb toward the 
maximum level, as the serum is progres- 
sively diluted. Thus, until the optimum 
serum dilution is reached, the relative 
neutralizing power of the serum has ap- 
peared to increase. The point is finally 
reached where, for a given dilution of 
serum, the line may cut the descending 
right limb of the corresponding curve be- 
yond the maximum point or miss the curve 
entirely. Here, the relative concentration 
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of virus is so great that proportionally less 
or no effect of the serum is observed. 
However, in this region the decrease in 
serum effect is so precipitate within such 
an extremely narrow experimental range 
that it would be difficult to demonstrate 
experimentally because of the limits of the 
methods employed. Practically, the actual 
observed results appear to show a pro- 
gressive increase in serum efficiency with 
dilution and then a sudden disappearance 
of effect altogether. This is shown by the 


junction of experimental curves with the 


horizontal control lines of figure 31. This 
paradox is explainable, theoretically, for it 
is obvious that the observed effects of the 
serum are determined by the factors dis- 
cussed above. 

(3) When the amount of free virus, y, is 
constant, y=, the relations between z and 
x are described by 


(27) A?—Bzx+- Dz+ Ex—(F+5o)=0, 


which is the equation of a hyperbola. To 
be predicted from this equation are those 
combinations of total virus, x, and serum, 
z, required to yield always a constant 
quantity of free virus. One such quantity 
of free virus which might be chosen for 
illustration and interpretation is that 
which would be expected to give 50-percent 
positive and 50-percent negative inocula- 
tion sites. This quantity of virus, having 
been previously determined, may be sub- 
stituted for yo in the above equation and 
the value of x for any given value of z (or 
vice versa) then calculated. The relations 
under the prescribed conditions are shown 
in figures 35 and 36 and discussed at length 
under the heading Neutralization of Puri- 
fied Papilloma Virus with Immune Serum. 
Each point in these figures represents the 
50-percent-point response for an individual 
experiment in which a given concentration 
of serum was mixed with successive dilu- 
tions of virus. The experimental points of 


these figures are grouped closely about the 
continuous line curves representing the 
expected response as calculated from the 
above equation. It should be noted that 
the experimental points were obtained 
from relations concerned with the fre- 
quency distribution of positive and nega- 
tive inoculation sites involving data en- 
tirely different from those obtained with 
the incubation-period technique. Thus, 
the results to be obtained by the former 
method of analysis are closely predicted by 
relations determined entirely with the 
latter. The results may be interpreted as 
showing that definite relations exist be- 
tween the logarithm of the total quantity of 
virus present and the logarithm of serum 
dilution which will vield the logarithm of 
quantity of free virus necessary to give the 
50-percent point. Further interpretations 
of these findings are discussed in a subse- 
quent paragraph. 

(4) In an experiment in which none of 
the three variables is constant, the observed 
results are described by the equation as a 
whole. Such an experiment is made by 
mixing a known quantity of virus with a 
measured quantity of antiserum and 
titrating successive dilutions of the mix- 
ture. An example of the results obtained 
is shown in figure 33. Of primary signifi- 
cance here is the fact that dilution of the 
serum-virus mixture results in the pro- 
gressive increase in the relative amount of 
free virus. The experimental curve event- 
ually coincides with the control curve 
showing that at and above the correspond- 
ing serum dilution, the remaining incre- 
ment of serum exerts no effect, and the free 
virus is equivalent to the total virus. This 
clearly shows that whatever occurs between 
virus and serum in vitro at a given level of 
respective concentrations is quantitatively 
reversible by dilution. In these results are 
demonstrated for the papilloma virus the 
quantitative relations existing in the well- 
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known dilution phenomenon described for 
other viruses (45). Here, again, an appar- 
ent change in serum effectiveness on virus 
is evident. The change, however, appears 
to be a decrease in serum action with dilu- 
tion, but again it should be pointed out 
that this apparent effect is an artifact due 
solely to the disproportionate dilution of 
virus and serum. 

With respect to the reversibility of the 
neutralization reaction or “‘union in sitro 
of papilloma virus and its antibody’’, the 
interpretations made above are entirely 
contrary to those recently reported by 
Friedewald and Kidd (39). In a series 
of experiments with crude extracts and 
“‘washed virus”, including absorption of 
immune body by virus, no evidence of 
reversibility was observed. Comparison 
of the findings described here with those 
reported by Friedewald and Kidd reveals 
no conflict in the experimental results. 
Their findings are clearly predictable on 
the basis of the relations described here and 
can readilv be understood from a theoreti- 
cal consideration of the mathematical ex- 
pression of the expected relations. The 
problems involved will be discussed in full 
in a forthcoming paper. 

Interpretation of the findings in the 
study of the relations of virus and serum 
yielding a fixed quantity of free virus, dis- 
cussed in a preceding paragraph, are of 
especial interest. Application of the in- 
cubation-period method to the study of 
other viruses has not been made, but recent 
investigations of serum-virus relations have 
been made using the 50-percent-point 
procedure. The results obtained here 
with this type of analysis, therefore, can be 
compared directly with those for other 
viruses for general interpretations. 

Such studies have been reported by 
Parker (46) for vaccinia virus and by 
Horsfall (47) for the influenza virus. 
In the instances of both viruses, it was 
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Ficure 39.—Amount of virus neutralized by the 
various dilutions of serum D. R. 848 (comple- 
ment of free virus of fig. 35). Circles represent 
observed points, and the continuous curve shows 

the response expected from equation 22. 


found, as here, that certain relations exist 
between the logarithm of the amount of 
virus neutralized (stated in virus dilution 
rather than in absolute quantity) and the 
logarithm of serum dilution. The relation 
for the papilloma virus is shown in figures 
39 and 40 in which the open circles repre- 
sent experimental points, and the contin- 
uous curve the expected response within 
the limits of the actual experiments calcu- 
lated from the corresponding equations 
found in the present study. These figures 
differ from figures 35 and 36 in that 
figures 39 and 40 show the relation between 
serum dilution and virus neutralized 
rather than between serum dilution and 
total virus. 

The present findings in general provide 
a basis for the definition of certain limits 
within which interpretations of data from 
such 50-percent-point investigations must 
be confined, and these should be strongly 
emphasized. In order to obtain the 50- 
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Ficure 40.—Amount of virus neutralized by the 
various dilutions of serum D. R. 496 (comple- 
ment of free virus of fig. 36). Circles represent 
observed points, and the continuous curve shows 
the response expected from equation 23. 


percent-point response, the primary requi- 
site is a given quantity of free virus. When 
a given set of virus quantities is mixed 
with a given series of serum dilutions within 
the appropriate biological range, a series 
of 50-percent-points will be obtained. 
These will show exactly those cembinations 
of serum and virus which yield the requi- 
site quantity of free virus. No informa- 
tion, however, is provided concerning the 
degree of efficacy of the individual quan- 
tity of serum with the particular amount 
of virus in the mixture giving a 50-percent- 
point response. It is obvious that if re- 
peated observations are made on a particu- 
lar serum-virus system, the relations found 
ought to remain relatively constant and 
susceptible to general description. This 
was found to be the case with the papilloma 
virus here (figs. 39 and 40) and, too, for the 
influenza virus by Horsfall (47) and for the 
elementary bodies of vaccinia by Parker 
(46). That relations can be shown by 
means of the 50-percent-point method 
to exist between serum dilution and virus 
neutralized appears clear from the work 


On the other 


with these three viruses. 
hand, the limit to which interpretations 
can be drawn from these data is open to 
question. This may be illustrated by com- 
paring the interpretations made on the 
basis of the 50-percent-point method for 
the influenza virus and the elementary 
bodies of vaccinia with those that might 
be made for the papilloma virus under 
similar conditions. Horsfall concluded 
that the relation between the _loga- 
rithm of serum dilution and the loga- 
rithm of influenza virus neutralized was 
linear, that the capacity of a serum to 
neutralize decreased with dilution, and 
that, by means of the linear relationship 
between serum and virus, it was possible 
to determine a fixed rather than a relative 
value for the neutralizing capacity of a 
serum. Parker found that the relation 
between serum and vaccinia virus was 
described by a curve of the form of a 
hyperbola and concluded that serum 
neutralizing capacity increased with di- 
lution. (It should be pointed out that 
the latter interpretation could have been 
made only from the data near the region 
of the right extremities of the curves of his 
figures 4 and 5 (46). The opposite appar- 
ent effect is seen in the left or upper extremi- 
ties where the action of the serum appears 
to decrease with dilution.) If interpreta- 
tions are made for the papilloma virus 
from 50-percent-point results alone, itcould 
be said that the relation between serum 
and virus neutralized is linear and that 
serum effect increases with dilution. 

If conclusions must be drawn for the 
three viruses under discussion here on the 
basis of the best description of experi- 
mental 50-percent-point data alone, pro- 
found differences appear to exist in the 
relations for the respective viruses. On 
the other hand, there are no a friort rea- 
sons why the fundamental nature of the 
neutralization phenomenon should be 
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different for different viruses. In the 
present work data have been obtained 
which were not available in previous in- 
vestigations. On the basis of the additional 
information a possible explanation may be 
advanced for the apparently contradictory 
findings with the three viruses. 

The first point for consideration is 
whether the logarithmic relationship be- 
tween serum dilution and virus quantity 
neutralized is strictly linear or whether 
it is a curve of one form or another. From 
his experimental data Horsfall logically 
concluded that, for the influenza immune 
serum systems, the relation was linear for 
both rabbit and ferret immune sera and 
that both, within the limits of the method, 
behave similarly. The points obtained by 
means of the 50-percent-point procedure 
in the present work with the papilloma 
virus likewise lie very close to a straight 
line. In the instances of both viruses, 
where only 50-percent-point data are 
considered, interpretations of the nature 
of the relation can be made only by fitting 
the points to the best smooth curve through 
them. It is evident from the data with the 
influenza virus and those with the papil- 
loma virus that a straight line describes 
the respective relations about as well as 
any curve drawn through them. Thus, 
for practical purposes, the relationship 
can be considered linear and employed 
as such as desired. On the other hand, 
the mathematical relations found for the 
papilloma virus by means of the incuba- 
tion-period studies indicate that the rela- 
tion for the papilloma virus is net linear 
but hyperbolic. When the experimental 
points are compared with the curve ex- 
pected from the equation the points (figs. 
39 and 40) actually appear to fit a straight 
line better than the curve of the predicted 
hyperbola in one of the curves (fig. 40). 

There are several reasons for leaning 
toward the theoretical curved relationship 


rather than the apparently acceptable 
linear findings. In the first place, the 
mathematical relations established here 
fit the generality of the observed papil- 
loma-virus data very closely and in the 
second, the type of curve expected for the 
papilloma virus from these mathematical 
relations was demonstrable experimentally 
by Parker (46) in the instance of vaccinia 
virus. Further it is to be recognized that 
the investigations with serum virus must 
all be made within certain limits which, 
depending on the criteria under study, 
may be of chemical, physica! or biological 
nature. In the neutralization reaction, 
the primary criterion is infectivity so that 
studies on various systems are restricted 
to the chemical and physical regions 
limited by this biological criterion to 
those regions where infectivity can be 
measured quantitatively within the limits 
of the method employed. For the papil- 
loma virus, the pI. or the quantity of virus 
requisite for the 50-percent-point response 
is 8.355 or 10~**> om. of virus correspond- 
ing to about 94,000.000 virus molecules. 
With the 50-percent-point procedures, 
then, only those combinations of serum 
and virus yielding this quantity of free 
virus can be studied. In Parker’s work 
with vaccinia, elementary body suspen- 
sions were used, and if their infectivity 
were of approximately the same order as 
that of the elementary bodies studied by 
Smadel, Rivers, and Pickels (29), the 
50-percent-point infections unit would be 
in the neighborhood of 1 to 10 elementary 
bodies of mass 8.0 to 8.0 gm. 
(Parker's thesis that one elementary body 
always constitutes an infectious unit is of 
doubtful tenability for reasons previously 
described ) 

The -mass-infectivity relations for the 
influenza virus are not known. Assum- 
ing that the serum antibodies for vaccinia 
and those for the papilloma virus are 
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reasonably similar with respect to molecu- 
lar size and general structure, it is obvious 
that vast differences would exist in the 
mass and surface, as well as other propor- 
tions of virus and serum in the respective 
systems for the papilloma and vaccinia 
viruses. Where studies were made with 
vaccinia in the effective biolcgical range 
defining the physical limits of ca. 1 to 
100,000,000 vaccinal elementary bodies 
to 8.0107" gm.) for the 
papilloma virus the corresponding physi- 
cal limits were, in the present experi- 
ments, from ca. 100,000,000 to 100,000,- 
000.000 molecules to 10-5* gm.). 
It is conceivable, then, that if the relations 
for the two viruses could be studied under 
more comparable physical, chemical, and 
biological conditions, similar findings might 
be obtained with both agents and, too, 
with the influenza virus. If the true rela- 
tion between logarithm of virus neutral- 
ized and logarithm of serum dilution were 
actually hyperbolic in all these instances, 
then the region of the general curve 
included in the results would depend on 
the limits of the experimental range. 
Thus, the papilloma and influenza virus 
results might lie in a region of curvature so 
slight that the relation could not be 
detected experimentally from a straight 
line. For the papilloma data, the extent 
and direction of curvature is dependent 
on the values of the coefficients in the 
general equation. These values were 
found experimentally, and they contribute 
to the description of results within the 
experimental range possible for the papil- 
loma virus. If the biological range could 
have been shifted, it is possible that 
coefficients would have been found which 
would have indicated pronounced curva- 
ture within the experimental range. There 
is some support for this possibility in the 
present work. In the experiments with 
serum D. R. 848, the limit of serum dilu- 


tion was pD 2.1, whereas with serum 
D. R. 496 the limit was pD 2.7 or a differ- 
ence of two twofold dilutions. Further, 
serum D. R. 496 possessed slightly less 
capacity to neutralize than did D. R. 
848. Reference to figure 39 shows that 
the curve calculated by equation 22 from 
data of serum D. R. 848 was practically a 
straight line within the whole range of 
serum pD (0-2.1) studied. For serum 
D. R. 496 the curve was comparably 
linear (fig. 40) between the limits of pD 0 
to about pD 1.8-2.1. On the other hand 
the relation showed definite curvature in 
the region between pD 1.8 and 2.7. 
Figure 34 shows that the slopes of the 
experimental regression lines with the 
highest dilutions of serum D. R. 496 were 
relatively low in the region of serum pD 
1.8-2.7. In comparison, this region of 
low slopes was not attained with serum 
D. R. 848 (fig. 28), where the highest 
dilution of serum corresponded to pD 

Another point for question is concerned 
with conclusions drawn from 50-percent- 
point data with respect to the neutraliz- 
ing capacity of a serum or to the effect of 
dilution on this capacity. It was estab- 
lished in the work with the papilloma 
virus that the efficiency of a given amount 
of serum is relative and dependent on the 
amount of virus present. Therefore, the 
absolute efficiency of a given serum dilu- 
tion can be expressed only in terms of its 
maximum neutralizing capacity in the 
presence of optimum virus. Thus, com- 
parison of the relative efficiencies of vari- 
ous dilutions of serum can be made only 
by comparison of their absolute maxima. 
For instance, from the present data, calcu- 
lations were made to determine the maxi- 
mum amount of virus neutralized by the 
various dilutions of serum D. R. 496. 
The results are summarized in table 13. 
It is seen that the relative capacity of this 
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serum to neutralize was actually decreased 
with progressive dilution, but it may be 
noted that the data permitting this conclu- 
sion were not available from the results of 
50-percent-point studies. Comparison of 
the quantitative efficiencies of various dilu- 
tions of serum can be made at no points 
on the curves like those of figure 38 other 
than those of maximum effect, unless 
mathematical relations are first established, 
for these curves for various dilutions of 
sera are not identical in character. For the 
same reasons, even if the logarithmic rela- 
tion between serum dilution and virus 
neutralized were actually linear, when 
measured by some fixed criterion such as 
the 50-percent response, it would be pos- 
sible to obtain a fixed value for the neu- 
tralizing capacity of a serum only if measure- 
ments were made at the maximum points. 
It would be necessary also to know the 
exact relations between various sera of 
different initial strengths, a field not yet 
investigated. 


TasLe 13.—Maximum quantities of virus neutralized 
by successive dilutions of serum D. R. 496 in the 
presence of optimum quantities of total virus 


{Optimum virus concentration and maximum virus neutra - 
lized were determined graphically from figures 37 and 38] 


Optimum Maximum 


Serum | Virus con- | virus neu- fa 
centration __tralized neutral- 
I (Gamma | (Gamma 
per 0.1 ec.) | per 0.1 
— | 
Pe:cen? 
0 44.9 27.7 61.7 
-3 22.5 13.8 61.3 
6 11.5 6.8 59.1 | 
J 6.0 3.5 58.3 
1.2 3.1 1.7 54.8 
1.5 1.5 . 80 53.3 
50.6 
2.1 4 . 198 45.0 
2.4 095 41.3 
2.7 126 045 35.7 


j 


The present results provide a basis for 
certain limited interpretations with respect 
to the nature of the serum-virus relations in 
neutralization. It is evident that within 
the limits of the experimental conditions, 
such as the time of exposure of virus to 


serum, temperature, etc., any combination 
or relation of serum and virus arising in 
vitro is quantitatively reversible by dilu- 
tion. Use is made of the term “reversible” 
with the reservation that, within the limits 
of the facts, it describes only an apparent 
effect. However, there is reason to believe 
that some sort of combination really occurs 
in vitro. Studies of the precipitin reaction 
(43) have shown that combination of anti- 
body with antigen occurs in vitro, leading 
to precipitation of portions of these present. 
The combination of antigen and antibody 
constituting the precipitate is reversible by 
appropriate change in the proportions of 
the reacting constituents. It should be 
noted that the relation of serum and virus 
leading to neutralization behaves similarly 
under like conditions since the absolute 
effect of serum is altered not only by 
dilution but by change in the propor- 
tions of serum and virus. For the precipi- 
tin reaction, the occurrence of combination 
in vitro is clear. The methods developed 
for the papilloma virus make possible a 
direct study of this aspect of the problem, 
so that it is desirable here only to call at- 
tention to the similarity of the results on 
neutralization (figs. 27, 37, and 38) to 
those on a different, though probably re- 
lated, serological system. 

The chief point of interest at the present 
is the fact that an effect which might have 
been shown by a particular serum-virus 
mixture can be completely abolished by 
dilution. This finding makes it quite clear 
that the actual influence exerted by the 
serum is brought to bear in its final form 
leading to neutralization, only after the 
mixture reaches the test tissue. This in- 
terpretation substantiates certain of Sabin’s 
views (48) with regard to neutralization of 
vaccinia: virus, namely, that the consum- 
mation of the influence of serum in virus 
neutralization occurs in vive under appro- 
priate conditions. It is obvious that the 
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final neutralization effect observed is quan- 
titatively related to, and dependent on the 
proportional concentrations of serum and 
virus mixed in vitro. Therefore, the influence 
of the host tissue is directly proportional 
to the same factors. Thus it would appear 
difficult to evade the concept that host 
influence is directed toward a definite re- 
lation or possible combination of virus and 


serum determined by the previous associa- 
tion in vitro. If the serum effect were 
directed toward the tissue which, by virtue 
of **fixed’’ antibody, acted on the virus, 
then the effect ought to be related to the 
proportions of serum and tissue. The op- 
posite, however, is observed, for the sig- 
nificant relation is that of serum and virus 
established in vitro. 
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The Peptidase Activities of the 
Cathepsins of Normal Rat Tissue 
and of Jensen Rat Sarcoma 


By Mary E. Maver, biochemist, J. M. JOHNSON, senior chemist, and J. W. THompson, 
associate pharmacologist, National Cancer Institute, National Institute of Health, United 


States Public Health Service 


The cathepsins of animal tissues differ 
from the proteinases of the digestive tract 
in their pH optima, in their activation by 
reducing substances, and in their probable 
function as catalysts in the synthesis of 
tissue protein. Even before Willstatter 
and Bamann (/) had characterized the 
proteinases of animal tissue as endocellular 
enzymes and given them the name, cathep- 
sin, numerous studies on the proteolytic 
activities of normal and neoplastic tissue 
had been made. A comprehensive review 
of the research on the enzymes of tumors 
which includes this early work has been 
written by Kéhler (2). 

The cathepsins are of particular interest 
to the problem of neoplastic growth be- 
cause of their probable role as catalysts 
in the synthetic process resulting in the 
rapid formation of new protein. At pres- 
ent little is known concerning the change 
in the factors involved in protein metab- 
slism when a normal cell becomes neo- 
plastic, except that the changed factors 
are self-perpetuating. There are two pos- 
sible changes which might account for the 
increased rate of protein synthesis. First, 
the cathepsin itself may not undergo 
change, but other metabolic systems which 
are altered in a malignant tumor, such as 
the carbohydrate metabolism, may pro- 
vide a tissue medium which stimulates the 
more rapid synthesis. Previously pub- 
lished work (3-6) from this laboratory 
has shown that the concentration, degree 
of oxygenation, and hydrogen-ion con- 


centration are factors which influence the 
proteolysis or synthesis of proteins in 
extracts of neoplastic and normal tissues. 
These same factors appear to influence 
the rate of nuclear growth in the cell, 
and Chalkley and Voegtlin (7) have found 
that the rate of cleavage is correlated with 
the rate of growth of the nucleus. A 
second possibility lies in definite qualita- 
tive changes in the specific activity of the 
cathepsin which would permit the rapid 
synthesis of peptides from the same or 
different amino acids. The results of this 
type of change in the cathepsin would be 
the formation of chemically different 
tumor proteins. As a basis for an enzy- 
matic diagnostic test for cancer, the possi- 
bility of a definitely altered cathepsin in 
cancerous tissue, is therefore, of considera- 
ble interest. 

As an introduction to a comparative 
study of the protein metabolism of neo- 
plastic and normal tissues, the cathepsins 
of Jensen rat sarcoma and of some normal 
tissues of the rat have been characterized 
by their peptidase activity on synthetic 
peptides, glutathione, commercially pre- 
pared peptones, and the peptic digests of 
normal and neoplastic tissue proteins. 
Unfortunately the normal cell of origin 
of the Jensen rat sarcoma is not known (8). 
This tumor was used, pending the availa- 
bility of a malignant tumor with suitable 
normal control tissue, and it afforded 
sufficient tissue to establish methods. The 
question of the effect of a tumor growth 
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upon other tissues of the host has often 
been raised. For this reason the cathep- 
sins of the liver, kidney, and spleen of the 
tumor-bearing animals were studied. 


EXPERIMENTAL METHODS 
THe ENZYMES 


The tumor and liver catheptic prepara- 
tions were separated from the globulin 
fraction of the tumor and liver as described 
previously (9). The spleen and kidney 
cathepsins were prepared by essentially 
the same method, except that a more acid 
reaction was needed to precipitate the 
globulin fraction of these tissue extracts. 
It has also been found that more potent 
enzymes resulted when the tissue extracts 
and precipitates were maintained in a 
cold, acid, reducing medium with the 
addition of M/200 cysteine hydrochloride. 
Seven types of tissue served as sources for 
the cathepsins: Jensen rat sarcoma trans- 
planted intramuscularly in the hind legs of 
Buffalo strain rats, and the liver, spleen, 
and kidney of normal ard of tumor-bear- 
ing rats. 

The enzymes were tested for catheptic 
activity on hemoglobin according to a 
standardized procedure described by An- 
son (70-12). Using this technique a 
catheptic unit is described as follows: 
“The initial rate of digestion by 1 unit of 
cathepsin is such that there is produced 
per minute at 37° C. in 6 ml. of digestion 
mixture an amount of color-producing 
substance not precipitable by trichlorace- 
tic acid which gives the same color as 1 
milliequivalent of tyrosine” (/0). The 
catheptic preparations were activated in 
varying degrees by cysteine. Since cys- 
teine greatly increased the tyrosine color 
value produced by the Folin-Ciocalteu 
phenol reagent (73), it was necessary to 
abolish this added color with formalde- 
hyde. But the formaldehyde also de- 


creased the color produced by the split 
products of hemoglobin. This decrease 
in color was ascertained by adding form- 
aldehyde to hemoglobin filtrates of known 
tyrosine color values. The lower tyro- 
sine color values obtained in the presence 
of formaldehyde were plotted against 
the values obtained with the same hemo- 
globin filtrates without formaldehyde, and 
by means of the curve obtained correc- 
tions were applied to the tyrosine color 
values obtained by the action of cysteine- 
activated enzymes. This procedure 
seemed to be justified since the values 
obtained with formaldehyde for the differ- 
ent enzymes fell on a straight line when 
plotted against the known color values in 
the range of these experiments. Potassium 
cyanide as an activator also interfered 
indirectly with this test by reducing the 
oxidized sulfhydryl! groups in the enzymes 
and substrates, which were not precipi- 
tated with trichloracetic acids. With 
M/100 cysteine hydrochloride as activator, 
the following activities were obtained for 
the different catheptic preparations per 
milligram of protein nitrogen, using 5 cc. 
of trichloracetic acid filtrate: 


Source of cathepsin 


le. X 10 


Livers of sarcoma-bearing rats.......... 5.62 
2.52 
Kidneys of sarcoma-bearing rats........ 3.20 
Spleens of sarcoma-bearing rats......... 18.04 


While the activities of different catheptic 
preparations from the same tissue vary, 
the above values represented the relative 
activities of the different tissue cathepsins 
on hemoglobin as determined by this 
technique. The percentage of protein 
nitrogen in these cathepsins varied con- 
siderably and was inversely proportional 
to their activity. 
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THE SUBSTRATES 

The synthetic peptides, glycylglycine, 
glycylglycylglycine, di-leucylglycine, d- and 
dl-leucylglycylglycine, glycyl-d/-leucine, 
d-leucine amide, /-leucine amide, d/-gluta- 
mylglycine, carbobenzoxy-d/-glutamylgly- 
cine, and the natural peptide, glutathione, 
were used in a concentration of 0.05 mM 
per cubic centimeter. The d/-glutamylgly- 
cine and the carbobenzoxy-d/-glutamylgly- 
cine were prepared according to the method 
of Grassmann and Schneider (74) for the 
laevorotatory forms. The carbobenzoxy- 
dl-glutamylglycine ethyl ester and the d/- 
glutamylglycine ethyl ester were prepared 
according to the method described by 
Bergmann, Zervas, and Fruton (73) for the 
laevorotatory forms. The carbobenzoxy- 
di-glutamylglycine ethyl ester, because of 
its low solubility was used in a concentra- 
tion of 0.2 mM per cubic centimeter. The 
di-glutamylglycine ethvl ester was used 
in a concentration of 0.10 mM per cubic 
centimeter. The d/-glutamy] anilide was 
prepared according to the method given by 
Hugounengq, Florence, and Couture (76). 
and was used in a concentration of 0.032 
mM per cubic centimeter. The @ carboxyl 
group of the glutamic acid is involved in 
these glutamyl peptides, whereas the 
glutamic acid in glutathione is combined 
through its y carboxyl group. The d- and 
!- forms of leucine amide were prepared 
as described by Yang and Rising (77). 

The peptic digests of the normal liver 
and Jensen sarcoma tissue globulins were 
prepared by adding 0.2 gm. of amorphous 
pepsin, U. S. P., to 1 liter of a heavy sus- 
pension of globulin which had been ad- 
justed to pH 2.0 with hydrochloric acid. 
After 18 hours digestion at 38 C®°., the 
soluble digestion products were separated 
by centrifugation, partially neutralized 
with sodium bicarbonate, and evaporated 
on the water bath until a concentration 
of about 1 mg. of amino nitrogen per 


cubic centimeter was reached. The amino 
nitrogen in these peptic digests was from 
27 to 30 percent of the total nitrogen. 
Tissue catheptic digests would have been 
more appropriate to use, but no method 
was found by which to halt the digestion 
by the catheptic complex at the peptide 
stage. 

The following commercially prepared 
peptones were used as substrates in 5-per- 
cent concentration: Witte’s peptone, 
which is understood to be a peptic digest 
of fibrin; Peptone “Roche,” prepared by 
the acid digestion of casein; and silk 
peptone (Hoffmann-LaRoche) which is 
prepared from silk fibroin by acid di- 
gestion. 

Tue DicEstions 

The hydrogen-ion concentrations of the 
digests were maintained with citrate or 
phosphate buffers after adjustment electro- 
metrically to the optimum pH which had 
been found for the substrate. The anae- 
robic digestions were conducted in Thun- 
berg tubes which were evacuated to 5 mm. 
pressure of Hg. One milligram of dry, 
lyophilized, catheptic preparation, cor- 
responding to 0.14 mg. total nitrogen was 
added to each cubic centimeter of digest 
in all experiments. The digestion temper- 
ature was 38° C. Where necessary the 
enzymes were activated by the addition of 
M/100 cysteine hydrochloride to the di- 
gests. Toluene was added as a pre- 
servative. 

The hydrolyses of the synthetic peptides 
was followed by titration of the liberated 
carboxyl groups in alcohol with an alco- 
holic solution of potassium hydroxide ac- 
cording to the method described by 
Grassmann and Heyde (78). The increase 
in amino groups in the highly colored pep- 
tone and globulin digests was determined 
by electrometric formol titrations, using 
a glass electrode. The principles of this 
precedure are given by Levy (79). The 
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micro-Van Slyke method was used to 
determine the extent of cleavage of the 
peptide bonds in the ester compounds. 


RESULTS 


The ability of all of the cathepsins to 
hydrolyze partially the tripeptides, 
leucylglycylglycine and glycylglycylglycine, 
is shown in table 1. Since the hydrolysis of 
leucylglycylglycine occurs most readily at 
the leucine bond, with asymmetric hydroly- 
sis 50-percent digestion by the spleen 
enzymes may indicate that all of the /- 
leucine had been split off from the peptide 
which contained the natural optical 
isomer. In contrast with the extensive 
hydrolysis of these two tripeptides by the 
spleen enzymes it is interesting to note the 
much weaker activity of the kidney en- 
zymes, while the tumor and liver enzymes 
were equally potent. d-Leucylglycylgly- 
cine was not digested by any of these 
enzymes. The dipeptides, d/-leucylglycine 
and glycylglycine, were only slightly at- 


tacked by any of the enzymes at this con- 
centration (1 mg. enzyme per cubic centi- 
meter). The dipeptide, glycyl-d/-leucine 
was not hydrolyzed. 

/-Leucine amide was digested most by 
the normal liver cathepsin and was not 
attacked by the spleen enzymes. The 
hydrolysis of this amide by the tumor and 
kidney enzymes was slight. The unnatural 
isomer d-leucine amide was not hydrolyzed 
by any of the cathepsins under the same 
conditions. Assuming that the hydrolysis 
is asymmetric, the natural isomer of the 
racemic dl-glutamyl anilide was com- 
pletely hydrolyzed by the normal liver 
cathepsin, and 80 percent hydrolyzed by 
the liver cathepsin of the sarcoma-bearing 
rats. 

As shown by table 2, benzoylglycylgly- 
cine, or hippurylglycine, was extensively 
hydrolyzed in 18 hours by the spleen 
cathepsins. The tumor and kidney cath- 
epsins were inactive toward this sub- 
strate. Chloracetyl-/-tyrosine was hydro- 


Tasie 1.—The hydrolysis of synthetic tripeptides, and \-leucine amide and dl-glutamyl anilide by the cathepsins of 
different tissues 


{100-percent hydrolysis occurred when one peptide bond was hydrolyzed. The d/-leucylglycylglycine was digested at pH 4.2, 
the gly cylglyeylglycine at pH 4.5, and the leucine amide and the d/-glutamy] at PH 5.2. Cysteine HC], M/100, was used 


to activate the enzymes in all these digests.] 


dl-Leucylglycyl- Glycylglycylgly- di-Glutamy] ani- 
glycine cine !-Leucine amide lide 
Time | H¥droly-| pime | time | time | H¥droly- 


Hours Percen 


t | 


Normal rat livers 2 = 
I s from sarcoma-bearing rats 3 25 | 
uivers from sar 20 | 

Normal rat kidneys. - - | 


3 | 42 

96 59 

3 36 

20 

Spleens from sarcoma-bearing rats. 48 50 
96 


Hours Percent Hours Percent 
0| 3 | 


3 0 12 
20 13 20 9 | 16 
72 25 72 7 48 22 
3 0 3 10 3 12 
20 16 20 44 12 
72 40 72 46 48 52 
3 5 3 13 3 | 6 
20 30 20 23 | 20) 10 
72 54 72 22 | 48 | 40 
3 3 3 5 3 | 19 
20 | 3 20 14 | 20 | 19 
72 13 72 | 13 48 23 
3 3 | 3 | 7 | 3 19 
20 | ll 20 9 20 | 26 
72 | 38 72 10 48 | 12 
3 | 9 3 0 3 | 19 
20 | 39 20 | 0| 20 | 19 
72 | 4 72 | 0 | 48 12 
3 4 3] 0 3 22 
20 | 26 20 0 20 15 
7 51 72 | 0 48 15 


5 | 


ed 
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lyzed to a considerable extent by the kid- 
ney enzymes, and only slightly hydrolyzed 
by the liver enzymes. The tumor and 
spleen cathepsins did not digest chlor- 
acetyl-/-tyrosine. | Glycyl-/-tyrosine was 
digested only slightly by all of the enzymes 
at pH 5.2. 

A comparison of the degree of hydroly- 
sis as determined by the alkalimetric 
titration and by the Van Slyke amino 
nitrogen analysis indicates that the ester 
linkage as well as the peptide bond were 
hydrolyzed by these enzymes when car- 
bobenzoxy-d/-glutamylglycine ethyl ester 
and di-glutamylglycine ethyl ester were 
used as substrates (table 3). The high 
titration values given by the carbobenz- 
oxy-di-glutamylglycine ethyl ester digests 


under anaerobic conditions with cysteine 
also indicate that the ester bonds of both 
optical isomers had been hydrolyzed. The 
lower titration values given by the dl- 
glutamylglycine ethyl ester digests suggest 
that the ester bond of only one optical 
isomer may have been hydrolyzed.! As- 
suming, again, that the peptide splitting 
was asymmetric, there was no evidence 
that the unnatural isomers of either of 
these compounds was hydrolyzed at the 
peptide bond, since the Van Slyke amino 
nitrogen determinations did not indicate 
any significant hydrolysis over 50 
percent. 


1 Falk (20) has observed esterase activity in papain. 
Lack of antipodal specificity for naturally occurring 
optical isomers has often been demonstrated for esterases. 


Tasie 2.—The hydrolysis of benzoylglycylglycine at pH 4.5, chloracetyl-\-tyrosine at pH 5.0, and glycyl-|-tyrosine 
at pH 4.5 and pH 5.2 by the cathepsins of different tissues 


Benzoylglycylglycine |Chloracetyl-/-tyrosine 


Glycyl-l-tyrosine 


Source of cathepsins Hydrolysis Hydrolysis 
Time Time Time pH 
Cysteine ! Cysteine Cysteine teine 
Hours Percent Hours Percent | Percent 
0 
3 0 3 0 0 
3 5.2 0 
| 1 0 
Livers of sarcoma-bearing { 2 | 4.5 
1 12 
29 
3 5.2 6 0 
3 0 3 7 20 : 8 13 
Kidneys of sarcoma-bearing { 0 2 38 4.5 
3; 4&2 0 
20 |. xe 0 17 
3 5.2 0 0 
20 0 12 
72. 


1 M/100 cysteine was used to activate the enzymes in these digests. 
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micro-Van Slyke method was used to 
determine the extent of cleavage of the 
peptide bonds in the ester compounds. 


RESULTS 


The ability of all of the cathepsins to 
hydrolyze partially the tripeptides, di- 
leucylglycylglycine and glycylglycylglycine, 
is shown in table1. Since the hydrolysis of 
leucylglycylglycine occurs most readily at 
the leucine bond, with asymmetric hydroly- 
sis 50-percent digestion by the spleen 
enzymes may indicate that all of the /- 
leucine had been split off from the peptide 
which contained the natural optical 
isomer. In contrast with the extensive 
hydrolysis of these two tripeptides by the 
spleen enzymes it is interesting to note the 
much weaker activity of the kidney en- 
zymes, while the tumor and liver enzymes 
were equally potent. d-Leucylglycylgly- 
cine was not digested by any of these 
enzymes. The dipeptides, d/-leucylglycine 
and glycylglycine, were only slightly at- 


Tasie 1.—The hydrolysis of synthetic tripeptides, and \-leucine amide and dl-glutamyl anilide by the cathepsins of 
different tissues 


{100-percent hydrolysis occurred when one peptide bond was hydrolyzed. The d/-leucylglycylglycine was digested at pH 4.2, 
the glycylglyeylglycine at pH 4.5, and the /-leucine amide and the d/-glutamy] at pH 5.2. Cysteine HC], M/100, was used 


to activate the enzymes in all these digests.] 


tacked by any of the enzymes at this con- 
centration (1 mg. enzyme per cubic centi- 
meter). The dipeptide, glycyl-d/-leucine 
was not hydrolyzed. 

/-Leucine amide was digested most by 
the normal liver cathepsin and was not 
attacked by the spleen enzymes. The 
hydrolysis of this amide by the tumor and 
kidney enzymes was slight. The unnatural 
isomer d-leucine amide was not hydrolyzed 
by any of the cathepsins under the same 
conditions. Assuming that the hydrolysis 
is asymmetric, the natural isomer of the 
racemic dl-glutamyl anilide was com- 
pletely hydrolyzed by the normal liver 
cathepsin, and 80 percent hydrolyzed by 
the liver cathepsin of the sarcoma-bearing 
rats. 

As shown by table 2, benzoylglycylgly- 
cine, or hippurylglycine, was extensively 
hydrolyzed in 18 hours by the spleen 
cathepsins. The tumor and kidney cath- 
epsins were inactive toward this sub- 
strate. Chloracetyl-/-tvrosine was hydro- 


dl-Leucylglycy]- Glycylglycylgly- di-Glutamy] ani- 
glycine eine (-Leucine amide lide 
Time | | Time | H¥droly- 


Hours | Percent | 


Jensen sarcoma xs 
Normal rat livers 
Livers from sarcoma-bearing rats... 3 25 
20 41 
Normal rat kidneys. - - | 
Kidneys from sarcoma-bearing { 5 
3 42 
= = 
96 59 
3 36 
ts 20 50 
Spleens from sarcoma-bearing 48 50 
96 50 


Hours Percent a. Percent | Hours Percent 
0 | 12 


3 3 

20 13 20 9 20 | 16 
72 25 72 7 48 2 
3 0 3 10 3 12 
20 16 20 44 20 12 
72 40 72 46 48 52 
3 5 3 13 3 | 6 
20 | 30 20 23 20 | 10 
72 54 72 22 48 | 40 
3 3 3 5 3 19 
20 3 20 14 20 19 
72 13 | 72 | 13 48 23 
3 | 3 | 3 | ? 3 19 
20 | ll 20 | 9 20 | 26 
72 38 72 10 48 12 
3 | 9 3 0 3 19 
20 | 39 20 0 20 19 
72 | 4 72 | 0 48 12 
3 4 3 | 0 | 3 22 
20 | 26 20 | 0 | 20 15 
72 | 51 72 | 0) 48 | 15 
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lyzed to a considerable extent by the kid- 
ney enzymes, and only slightly hydrolyzed 
by the liver enzymes. The tumor and 
spleen cathepsins did not digest chlor- 
acetyl-/-tyrosine. Glycyl-/-tyrosine was 
digested only slightly by all of the enzymes 
at pH 5.2. 

A comparison of the degree of hydroly- 
sis as determined by the alkalimetric 
titration and by the Van Slyke amino 
nitrogen analysis indicates that the ester 
linkage as well as the peptide bond were 
hydrolyzed by these enzymes when car- 
bobenzoxy-d/-glutamylglycine ethyl ester 
and di-glutamylglycine ethyl ester were 
used as substrates (table 3). The high 
titration values given by the carbobenz- 
oxy-di-glutamylglycine ethyl ester digests 
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under anaerobic conditions with cysteine 
also indicate that the ester bonds of both 
optical isomers had been hydrolyzed. The 
lower titration values given by the dl- 
glutamylglycine ethyl ester digests suggest 
that the ester bond of only one optical 
isomer may have been hydrolyzed.! As- 
suming, again, that the peptide splitting 
was asymmetric, there was no evidence 
that the unnatural isomers of either of 
these compounds was hydrolyzed at the 
peptide bond, since the Van Slyke amino 
nitrogen determinations did not indicate 
any significant hydrolysis over 50 
percent. 

1 Falk (20) has observed esterase activity in papain. 


Lack of antipodal specificity for naturally occurring 
optical isomers has often been demonstrated for esterases. 


Tape 2.—The hydrolysis of benzoylglycylglycine at pH 4.5, chloracetyl-|-tyrosine at pH 5.0, and glycyl-|-tyrosine 
at pH 4.5 and pH 5.2 by the cathepsins of different tissues 


Benzoylglycylglycine Chloracetyl-/-tyrosine 


Glycyl-/-tyrosine 


Source of cathepsins Hydrolysis Hydrolysis Hydrolysis 
Time Time Time pH 
Cysteine ! Cysteine Cysteine ——_ 
Hours Percent Hours Percent sre Percent Percent 
0 0 
3 . 3 0 | 0 0 
{ 20 0 3 4.5 0 
20 48 0 9.5 
7 |.. 
3 5.2 0 0 
13.5 0 
3 5.2 12 0 
12 0 
49 
3 | 5.2 S 9 
| 20 12 12 
72 | - 29 
3 5.2 6 0 
3 0 3 7 20 13 
Kidneys of sarcoma-bearing { 20 0 4.5 
|| 
3] 0 
20 eae 0 17 
72 .| 
3 5.2 0 0 
20 0 12 
72 


1 M/100 cysteine was used to activate the enzymes in these digests. 
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Tape 3.—The hydrolysis of carbobenzoxy-dl-glutamylglycine ethyl ester and the dl-glutamylglycine ethyl ester by the 
cathepsin preparations from different tissues 


[The pH of all of these digests was 5.0] 


Carbobenzoxy-d/-glutamylglycine ethy] 


dl-Glutamylelycine ethyl ester 


ester 
Hydrolysis 
Cysteine ! Cysteine Cysteine No cysteine 


Titra- Van T 


itra- 


tion Slyke tion 


Titra- Titra- Titra- Titra- Van 
tion Slyke tion tion Slyke tion Slyke 


Hours Percent Percent Percent Percent Percent Percent Percent Percent Percent Percent 
: 0 ) 


3 ( 
Jensen sarcoma | 2 98 3 0 135 39 38 57 24 19 16 
97 0 
| 72 157 43 34 57 21 40 21 
| 3 0 28 
Normal rat livers 20 104 13 20 16 40 49 42 18 30 16 
| 72 123 26 166 a 49 71 38 38 20 
| 3 34 0 22 . 
Livers of sarcoma-bearing rats 2 95 0 14 53 46 
72 5l 
| 3 35 0 9 : 
Normal rat kidneys | 20 82 22 113 18 46 31 18 32 20 
72 124 25 57 46 34 38 20 
Kidneys of sarcoma-bearing | 3 0 gate 
rats 20 13 118 19 43 
| 72 153 28 49 
| 3 31 0 24 
Normal rat spleens | 20 Ys 0 131 34 47 
72 150 34 
| 3 17 0 19 
Spleens of sarcoma-bearing rats ] PJ) 37 0 145 53 a 57 23 12 2 
72 157 59 30 75 40 30 11 


' M/100 cysteine was used to activate the enzymes in these digests. 


In order to obtain further information 
concerning the esterase activity of these 
catheptic preparations, benzoylglycine 
ethyl ester was used as a substrate (table 4). 
All of the enzymes used were markedly 
activated by cysteine under anaerobic 
conditions. The high titration value given 
by the cathepsin from normal rat liver 
may indicate that this preparation con- 
tained an enzyme which was capable of 
hydrolyzing the benzoylglycine bond. 
The glycine anhydride formed after re- 
moval of the benzoic acid and the ester 
group would not furnish amino groups 
for the Van Slyke determination. 

The hydrolysis of carbobenzoxy-d/-glut- 
amyl glycine as compared with d/-glutamyl- 
glycine (table 5) shows the effect of mask- 
ing the free amino group upon the activi- 
ties of the catheptic enzymes. The slight 


degree of hydrolysis of d/-glutamylglycine 
was similar to that of the dipeptides, di- 
leucylglycire and glycylglycine. 


TaBLe 4.—The hydrolysis of the benzoylglvcine ethyl 
ester by the different tissue cathepsins 


{All digests were incubated under anaerobic conditions at 
PH 5.0) 


Hydrolysis of benzoylgly- 
cine ethyl] ester 
Source cf cathepsin Time Cysteine 
Vitra- Van Titra- Van 
tion Slyke tion Slyke 


Per- | Per- | Per- Per- 

Ilours cent cent cent cent 
| 2 58 0 ) 0 
Jensen sarcoma 81 0 0 
- a f 2 109 0 67 0 
Normal rat livers 1 48 137 0 
2 5 0 7 0 
Normal rat kidneys. f = 
Spleens of sarcoma- f 24 59 0 17 0 
bearing rats | 48 59 0 14 0 
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Taste 5.—The hydrolysis of reduced and oxidized glutathione at pH 4.5, and carbobenzoxy-dl-glutamylglycine and 
dl-glutamylglycine at pH 5.0, by the cathepsins of the different tissues 


| ani 
| SS-gluta- oxy-dl- -Gluta- 
SH-glutathione thione glutamyl- mylglycine 
glycine 
Source of cathepsin Time 
Hydrolysis Hydrolysis Hydrolysis Hydrolysis 
: Anaero- Aerobic Aerobic Aerobic 
| Aerobie | bic | cysteine! cysteine cysteine 
| Hours Percent | Percent | Percent Percent Percent 
Jensen sarcoma. -_----------- 20 | 0 75 | 21 | 21 18 
Normal! rat livers. 20 21 75 | 21 24 15 
Livers of sarcoma-bearing rats--_.-..-.-.....-.--.-------- 20 38 108 26 34 12 
48 53 115 42 
20 8 79 0 25 
3 a 16 4 
Kidneys of sarcoma-bearing rats. -__---_..-.......----- 20 16 71 10 25 18 
48 16 71 13 |. 
3 32 16 
nn 26 18 129 34 38 ll 
3 37 15 
Spleens of sarcoma-bearing rats. -......-...---.--------- 20 20 133 37 36 15 
48 20 161 bl 


1 M/100 cysteine was added to activate the enzymes in these digests. 


The naturally occurring tripeptide, 
glutathione, glutamyl-cysteinylglycine, was 
digested to the greatest extent by all of 
the cathepsins when its reduced form 
served simultaneously as substrate and 
as activator under anaerobic conditions 
(table 5). There was much less digestion 
of oxidized glutathione and of reduced 
glutathione by the enzymes when acti- 


vated by cysteine under aerobic condi- 
tions. The Jensen sarcoma cathepsin, 
even when used in doubled concentration, 
did not hydrolyze the reduced glutathione 
at pH 5.0 under aerobic conditions. No 
analysis of the digests was made to deter- 
mine which of the peptide bonds of the 
glutathione had been hydrolyzed. 

The hydrolysis of the peptones prepared 


TABLE 6.—The hydrolysis of peptones by the cathepsins 


(The substrates were dissolved in pH 4.5 citrate buffer containing M/100 cysteine hydrochloride. The degree of hydrolysis 
was measured by percentage increases in amino nitrogen, N H2/total N.] 


Casein peptone 
“Roche”’ 


| 
Silk peptone Witte’s peptone 


Source of cathepsin Aerobic 


Aerobic Aerobic Anaerobic 


3 hrs. 18 hrs. 


3 hrs. 18 hrs. 3 hrs. 18 hrs. 3 hrs. 


18 hrs. 


| Percent Percent | Percent | Percent Percent | Percent Percent | Percent 
Jensen sarcoma tissue ....__..._.._._._-- 5.6 12.5 3.9 6.2 5.0 | 12.4 5.2 | 20.2 
Normal rat livers dice aeecaan 5.4 11.1 3.0 10.9 4.85 16.9 8.0 18.9 
Livers from sarcoma-bearing rats. ____. 4.9 12.0 3.9 11.4 8.1 21.2 8.7 31.0 
Normal rat kidneys____- beaten 6.1 13.6 2.8 8.9 5.4 18.9 11.7 | 23.0 
Kidneys from sarcoma-bearing rats _- 6.3 11.3 2.8 8.5 4.4 16.7 6.6 | 21.6 
Normal rat spleens. ______- a3 6.6 21.4 6.9 14.8 14.6 26.3 15.6 34.9 
Spleens from sarcoma-bearing rats _- 7.7 17.4 6.4 14.5 11.7 22.8 12.5 33.5 
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ay by acid digestion of proteins was less than 
; the hydrolysis of Witte’s peptone (table 6). 
Analyses showed that the casein peptone 
e contained 5.9 mg. total N per cubic centi- 
+ meter and 66 percent unhydrolyzed pep- 
Ris tide N; the silk peptone 7.84 mg. total N 

per cubic and 81.1 percent 

peptide N; the Witte’s peptone 


centimeter 
7.17 mg. 
cotal N per cubic centimeter and 79.5 per- 
cent peptide N. The extensive digestion of 
the three peptones by the spleen enzymes 
was characteristic of these more active 
proteinases. The slight digestion of the 
silk peptone by the tumor and kidney 
Bs enzymes and the almost equal activity of 
nd the cathepsins of the normal organs and of 
the organs of the sarcoma-bearing animals 
on this substrate are of interest. 

Table 7 gives the comparative activities 
of the different cathepsins on the peptic 
ia digests of normal and neoplastic tissue 

globulins. From these results it appears 
that the peptic digest of the Jensen sarcoma 
globulin was hydrolyzed more than the 
normal liver peptic digest at pH 4.5. 
Again the normal spleen enzyme was most 
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TABLE 7.—A comparison of the activity of the different 
cathepsins on the peptic digests of normal liver globulin 
and Jensen sarcoma globulin 


{The hydrolysis was wee eg in percentage increases in 
amino nitrogen, NH2/total N. The substrates contained 
M /100 cysteine HC] at pH 4. 5] 


Peptic digest Peptic digest of 
of normal liver Jensen sarcoma 


Source of cathepsin globulin globulin 


3hours 18 hours 3 hours 18 hours 


Percent Percent Percent Percent 
Jensen 9.0 13.5 6.9 


22.6 
Normal rat livers 7.8 18.0 5.6 22.9 
Livers from sarcoma-bear- 
ing rats_- 13. 13 24.0 7.8 23.0 
Normal rat kidneys. ae 10.5 13.8 5.6 22.9 
Kidneys from sarcoma- 
bearing rats 6.0 7.8 3.7 16.3 
Normal rat spleens 19.5 29.6 18.9 37.8 
Spleens from sarcoma- | 
bearing rats__- 15.3 29.6 16.3 2.3 
active. The Jensen sarcoma cathepsin 


had the same activity as the normal kidney 
cathepsin. On these substrates the cathep- 
sin of the livers of the rats bearing Jensen 
sarcoma was more active than that of the 
normal rat livers. The cathepsin of the 
kidneys of the sarcoma-bearing rats was 
definitely weaker than that of the normal 
kidneys. 

The hydrolysis of the peptic digests of 


Hydrogen-ion concentration 
Digest Condition and time 
(in hrs.) 
3.0 | 35 | 40 45 | 50 | 55 | 60 | 65 7.5) 8.0 
Aer Pet. | Pet. | Pet. | Pet. | Pet. | Pet. | Pet.'| Pet. | Pet. | Pet. | Pet. 
3 hrs 7.8 12.0) 12.0) 15.0 16.8) 16.8 10.8 3.7 0 
Normal liver cathepsin on pep- 4 ana 4 om a | 
tie digest of normal liver 16.1 | 23.2 | 28.1 | 30.0 | 20.6 | 27.7 18.3 B. 
ulin 3 hrs. 11.6 12.0) 13.5 15.0 20.6 | 17.6 ..| 12.3 5.6| 3.7 
18 hrs 23.6 27.7 37.8 | 39.0 40.1 39.0 27.0 9.3 4.8 
Aerobic: 
3 hrs 9.0 5.2 7.8 10.1 9.7 8.2 2.32 0 15 
of normal liver 18 hrs 9.0 15.3 243 191 180) 19.1 11.6 a7, «1.5 
globulin Anaerobic: 
3 hrs 67; 45| 97/135) &2 6.0 0 7 
18 hrs 10.8 | 22.1 | 28.5 | 29.6 | 31.1 | 36.7 10.8 0 1.5 
Aerobic: 
3 hrs 105/120) 99/118! 7.6 6 55 
18 hrs 10.5 18.9 20.5 19.9) 13.6 | 14.7 10.5 21| 42 
coma globulin Anaerobic: 
3 hrs__- 3 120) 92) 92) 11.5 9.2 6.0 4.2 
18 hrs. 12.0 | 22.8 | 31.8 | 27.3 | 28.9 | 27.3 16.5 26 7s 
Aerobic: 
- 3 hrs 4.7 6.3 10.2) 6.5 5.7 21 
18 hrs 1.5 139 160 189 20.2 16.0 z 0 5 
globulin Anaerobic: : 
18 hrs_.__-- 12.0 | 19.9 | 22.6 | 27.0 | 33.6 | 26.5 13.9 |__- 3.9 2.63 


Tape 8.— The hydrolysis cf the peptic digests of Jensen sarcoma globulin and normal liver globulin by Jensen sarcoma 
and normal liver cathepsins at varying hydrogen-ion concentrations under aerobic and anaerobic conditions 


{The hydrolysis is measured by the percentage increases in amino nitrogen, NH,/total N] 
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the normal liver and Jensen sarcoma glob- 
ulins by the Jensen sarcoma and normal 
liver cathepsins at varying hydrogen-ion 
concentrations and under aerobic and 
anaerobic conditions is shown in table 8. 
The broadening of the optimal pH range 
under activated conditions was characteris- 
tic of catheptic activity. The limited ac- 
tivity of the enzymes in the alkaline pH 
range suggests the absence of dipeptidase, 
amino peptidase, and deamidases in the 
catheptic preparations. The different pH 
optima for the same enzyme on the two 
different substrates might indicate that 
different specific peptides were attacked. 
The optimal activity of the tumor cathep- 
sin was slightly less than that of the normal 
liver cathepsin on both peptic digests. 


DISCUSSION 


Recently our knowledge of the mode of 
action of the endocellular proteinases 
has been advanced by the research of 
Bergmann, Fruton, and others (2/—23). 
The evidence that liver and spleen cathep- 
sins, and the proteinases in general includ- 
ing crystalline pepsin (24) and trypsin 
(25) chymotrypsin (26) and papain (27) 
can hydrolyze short chain peptides has 
altered considerably the older conception 
of the limited activity of proteinases. 
The crystalline forms of the enzymes, 
however, may not preclude the possibility 
that they are complexes of proteinases and 
peptidases. Because the proteinases digest 
proteins which contain relatively few free 
alpha amino and carboxyl groups, Berg- 
mann has defined cathepsins as endopro- 
teinases, signifying that their points of 
attack are located preferably in the interior 
of the peptide chain. Further, according 
to Bergmann, the extent of the splitting of 
proteins by proteinases is determined by 
the structure of the protein and by the 
specificity of the proteinase. 

Our experiments showing that the 


tripeptides are hydrolyzed more than the 
dipeptides, and also that those showing 
that carbobenzoxy-di-glutamylglycine 
ethyl ester and carbobenzoxy-d/-glutamy]- 
glycine are hydrolyzed to a greater extent 
than the corresponding peptides in which 
the amino group is not masked by a car- 
boxyl group, support the postulate that 
the catheptic enzymes attack more readily 
the interior of a peptide chain. The 
marked specificity of the peptidase activity 
of some of these cathepsins is demon- 
strated by their extensive hydrolysis of 
some synthetic peptides and in _ their 
inability to attack others. 

This specific nature of the attack on the 
synthetic peptides permits a qualitative 
and quantitative comparison of the activ- 
ity of the cathepsins from different tissues 
and organs, which might throw light upon 
the function of the organs and the chemis- 
try of their proteins. How much of the 
specific activity of the cathepsins is related 
to the metabolic function of the organ and 
how much is related to the growth of the 
tissue cells is not known. The fact that 
the liver catheptic preparations were able 
to hydrolyze to some extent all of these 
synthetic peptides might indicate that 
they are responsible for some of the pro- 
tein metabolism occurring in the liver. 
On the other hand, the kidney and spleen 
cathepsins showed marked specificity for 
two different acylated peptides. The 
three peptides, chloracetyl-/-tyrosine, ben- 
zoylglycylglycine and glycyl-/-tyrosine are 
hydrolyzed extensively in alkaline medium 
by the carboxypeptidase of spleen and 
have been regarded as specific substrates 
for this ehzyme (28, 29). The evidence 
that glyclyl-/-tyrosine is hydrolyzed by all 
of the tissue cathensins, and that the kidney 
and spleen cathepsins hydrolyze chlor- 
acetyl-/-tyrosine and benzoylglycylglycine, 
respectively, shows that these peptides are 
also hydrolyzed by some catheptic enzymes 


) 
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at an acid pH. The tumor cathepsin 
could not hydrolyze chloracety!-/-tyrosine 
or benzoylglycylglycine. 

The relation of the catheptic enzymes 
to their natural activator, glutathione, as 
substrate, is of particular interest. Their 
ability to hydrolyze glutathione was slight 
under aerobic conditions, but was defi- 
nitely increased when the glutathione was 
maintained in the reduced form under 
anaerobic conditions. The inability of 
the cathepsin from the Jensen sarcoma 
to hydrolyze the reduced glutathione 
aerobically may serve to preserve this 
important activator for use in the pro- 
teolytic and other enzyme systems of the 
tumor metabolism. 

The antipodal specificity of all of these 
enzymes for the peptides formed from 
the naturally occurring optical isomers of 
leucine and glutamic acid is definitely 
shown. The catheptic enzymes from the 
tumor and from the normal tissues of the 
rat were unable to digest the unnatural 
isomers, d-leucine amide and d-leucyl- 
glycylglycine. With racemic compounds, 
when the maximum digestion halted at 
about 50 percent, it has been assumed that 
a resolution, followed by asymmetric 
hydrolysis, occurred in which only the 
natural isomer was attacked. It is of 
special interest that the cathepsins of 
Jensen sarcoma tissue did not hydrolyze 
the d-isomerides at all, or the racemic 
compounds over 50 percent, in view of the 
evidence presented by Kégl and Erxleben 
(30) that tumor proteins contain consider- 
able quantities of the unnatural d-glutamic 
acid as well as other unnatural amino 
acids. Since the catheptic enzyme is 
probably responsible for the synthesis of 
the tumor protein, it is reasonable to sup- 
pose that the tumor cathepsin could 
hydrolyze a peptide containing the d- 
form of glutamic acid if d-glutamic acid 
were present in tumor protein. One of us 
(37, 32) has shown that the slight amount of 
d-glutamic acid found in Jensen sarcoma 


tissue as well as in normal rat liver tissue 
is an artifact produced during hydrolysis 
of the tissues with hydrochloric acid. 

In support of the evidence presented by 
Kégl and Erxleben (30), Fruton, Irving, 
and Bergmann (33) have reported that 
extracts of the Bashford mouse carcinoma 
digested both the d- and /- forms of leucine 
amide equally well. The d- form was also 
slightly hydrolyzed by extracts of the 
Brown-Pearce rabbit carcinoma and mouse 
sarcoma 180. These authors also found 
that extracts of the Bashford mouse car- 
cinoma and of a human breast carcinoma 
digested carbobenzoxy-d-glutamy]-/-tyro- 
sine. The catheptic enzymes were prob- 
ably responsible for these hydrolyses since 
they were activated by cysteine at pH 
values from 4.6 to 5.2. 

No qualitative differences in the activ- 
ities of the cathepsins from the organs of 
the normal and of the tumor-bearing rats 
were observed. The enzymes from the 
livers of the tumor-bearing rats were more 
active on most of the synthetic substrates 
than the enzymes from the livers of normal 
rats. On the other hand, the cathepsin 
from the spleens of tumor-bearing rats 
was less active than the cathepsin from 
the spleens of normal rats on several 
substrates. This may possibly be related 
to the fact that the spleens of the tumor- 
bearing animals were greatly enlarged and 
were the only organs which showed any 
gross changes. This enlargement of the 
spleen in rats with transplanted tumors has 
been observed and studied by Okamoto(3/), 
Roffo (35),and Lambret and Driessens (3%). 

The results with the silk peptone which 
contains a high percentage of the three 
amino acids, glycine, alanine, and tyrosine 
(37), are interesting since this substrate 
offers such slight variation in amino acid 
combinations that the activities of the 
cathepsins of the normal organs and those 
of the tumor-bearing animals were prac- 
tically the same. 

It is reasonable to suppose that the 
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different enzymes are adapted to the 
synthesis and hydrolysis of the various 
amino acid combinations present in the 
tissues from which they were derived. 
For this reason the standardization of the 
activities of all of the endocellular enzymes 
according to their action on one protein 
would seem to be without functional sig- 
nificance. The marked hydrolysis of 
hemoglobin by the normal spleen cathep- 
sin may be correlated with its normal 
function of red-cell disintegration in the 
spleen. Although several different types 
of synthetic peptides have been used in 
these tests, it is quite probable that the 
amino acid combinations present in the 
tissues may not have been represented. 
Glutathione is a naturally occurring pep- 
tide which has been isolated from tissues, 
but little is known concerning the other 
peptide groupings of tissue proteins. The 
peptic digests which were used as sub- 
strates contained from 70 to 80 percent 
of the original peptide linkages of the 
tissue globulins. 

In view of the generally weak activity 
of the Jensen sarcoma cathepsin on the 
synthetic peptides and the peptones, it is 
interesting to note that under optimal 
conditicns of hydrogen-ion concentration 
and reduced oxygen tension its degree of 
hydrolysis, 36.7 percent, of the liver pep- 
tic digest falls within the range of that of 
the normal liver cathepsin, 40.1 percent. 
These results indicate that many peptides 
are common to both tumor and liver 
tissue protein. Any qualitative compari- 
son of the peptidase activities of the 
cancerous and normal tissue cathepsins 
will depend upon chemical studies of the 


arrangement of the amino acids in the pro- 
teins of tissues supplemented by catheptic 
activity tests on a great variety of synthetic 
peptides. The presence of different amino 
acid combinations in the normal liver 
and the Jensen sarcoma tissues is sug- 
gested by the slightly more acid pH optima 
in the tumor peptic digests than in the 
normal liver digest. 


SUMMARY 


A study has been made of the peptidase 
activities of catheptic preparations from 
Jensen sarcoma tissue and from the liver, 
spleen, and kidney of normal and of 
Jensen sarcoma-bearing rats. The sub- 
strates used have been synthetic peptides, 
glutathione, commercially prepared pep- 
tones, and the peptic digests of Jensen 
sarcoma and normal liver globulin. 

No specific activity was found for the 
Jensen sarcoma cathepsin among the 
synthetic peptides used. The kidney 
cathepsins digested chloracetyl-/-tyrosine. 
The spleen cathepsins hydrolyzed ben- 
zoylglycylglycine extensively. Both of 
these substrates were hydrolyzed by the 
liver cathepsins. 

All of the catheptic preparations were 
able to hydrolyze oxidized glutathione 
when activated with cysteine. Their hy- 
drolysis of reduced glutathione under an- 
aerobic conditions was more extensive. The 
tumor cathepsin did not hydrolyze reduced 
glutathione under aerobic conditions. 

There was no evidence that peptides 
containing the optically unnatural forms 
of amino acids were hydrolyzed either by 
the Jensen sarcoma or the normal cathep- 
tic preparations. 


REFERENCES 


(7) WittsrAtrer, R., and Bamann, E.: Uber 
die Proteasen der Magenschleimhaut. 
Erste Abhandlung tiber die Enzyme der 
Leukocyten. Ztschr. f. physiol. Chem., 
180: 127-143 (1929). 

(2) Kénter, K.: Enzymologie der Tumorzelle. 
Ergebn. d. Enzymforsch., 6: 157-188 
(1937). 


(3) Vorcriin, C., and Maver, M. E.: Relation 
of oxidation to proteolysis in malignant 
tumors. Pub. Health Rep.,47: 711—72(1932). 

(4) Maver, M. E., Jounson, J. M., and Vogct- 
Lin, C.: Influence of oxygen tension on 
the rate of autolysis of certain malignant 
tumors and normal tissues. Pub. Health 
Rep., 48: 42-51 (1933). 


| | 


686 JOURNAL OF THE NATIONAL CANCER INSTITUTE 


(5) Vorcruin, C., Maver, M. E., and Jounson, 
J. M.: The influence of the oxygen ten- 
sion on the reversal of proteolysis (protein 
synthesis) in certain malignant tumors and 
normal tissues. J. Pharmacol. & Exper. 
Therap., 48: 241-265 (1933). 

(6) Maver, M. E., Jounson, J. M., and Voect- 
tin, C.: The influence of hydrogen-ion 
concentration upon the reversal of pro- 
teolysis in oxygenated extracts of normal 
and neoplastic tissues. Nat. Inst. Health 
Bull., 164: 29-42 (1933). 

(7) H. W., and C.: The 
effect of variation in oxygen tension and 
sulfhydryl concentration on nuclear growth 
and fission in Amoeba proteus. J. Nat. 
Cancer Inst., 1: 63-75 (1940). 

(8) Jensen, C. O.: Uebertragbare Rattensar- 
kome. Ztschr. f. Krebsforsch., 7: 45-54 
(1908). 

(9) Maver, M. E.: The separation of cathepsin 
from malignant and normal rat tissue. 
J. Biol. Chem., 131: 127-134 (1939). 

(70) Anson, M. L.: The estimation of cathepsin 
with hemoglobin and the partial purifica- 
tion of cathepsin. J. Gen. Physiol., 20: 
565-574 (1937). 


(77) —: The estimation of pepsin, trypsin, 
papain and cathepsin with hemoglobin. 
J. Gen. Physiol., 22: 79-89 (1938). 

(72) : The purification of cathepsin. J. 


Gen. Physiol., 23: 695-704 (1940). 

(73) Fouts, O., and Ctocartev, V.: Tyrosine 
and tryptophane determinations in pro- 
teins. J. Biol. Chem., 73: 627-650 (1927). 

(74) GrassMANN, W., and Scunemer, F.: Zur 
Spezifitat der Dipeptidase. Enzymatisches 
Verhalten von Asparaginsdure- und Glu- 
taminsdurepeptiden. Biochem. Ztschr.- 
273: 452-462 (1934). 

(75) BercMann, M., Zervas, L., and Fruton, 
J. S.: Proteolytic enzymes. VI. The 
specificity of papain. J. Biol. Chem., 111: 
225-244 (1935). 

(76) Hucouneng, L., Friorence, G., and 
Couture, E.: Contribution a l'étude des 
acides amines. Condensation du glyco- 
colle. Bull. Soc. chim. et biol., 6: 672-676 
(1924). 

(17) Yano, P. S., and Ristnc, M. M.: Simplified 
method of preparation of qa-amino acid 
amides. J. Am. Chem. Soc., 53: 3183- 
3184 (1931). 

(78) GrassMANN, W., and Heype, W.: Alkali- 
metrische Mikrobestimmung der Ami- 
nosduren und Peptide. Ztschr. f. physiol. 
Chem., 183: 32-38 (1929). 

(79) Levy, M.: The acidity ot formaldehyde and 
the end point in the formol titration. J. 
Biol. Chem., 105: 157-165 (1934). 

(20) Fark, K. G.: Directive influences in biologi- 
cal systems. III. The effect of proteases 
on lipase actions. J. Biol. Chem., 103: 
363-372 (1933). 


(27) BercMann, M., Frutron, J. S., and 
FRAENKEL-Conrat, H.: On_ proteolytic 
enzymes. XV. Regarding the general 
nature of the intracellular proteolytic 
enzymes. J. Biol. Chem., 119: 35-46 
(1937). 

(22) BerGMANN, M., and H.: 
The réle of specificity in the enzymatic 
synthesis of proteins. Synthesis with in- 
tracellular enzymes. J. Biol. Chem., 119: 
707-720 (1937). 

(23) Fruton, J. S. and Bercmann, M.: On the 
proteolytic enzymes of animal tissues. I. 
Beef spleen. J. Biol. Chem., 130: 19-27 
(1939). 

(24) Fruton, J. S., and BercmMann, M.: The 
specificity of pepsin. J. Biol. Chem., 127: 
627-641 (1939). 

(25) Bercmann, M., Fruton, J. S., and 
jJ.: The specificity of trypsin. J. Biol. 
Chem., 127: 643-648 (1939). 

(26) Bercmann, M., and Fruton, J. S.: On the 
proteolytic enzymes. XIII. Synthetic 
substrates for chymotrypsin. J. Biol. 
Chem., 118: 405-415 (1937). 

(27) Batts, A. K., and Lineweaver, H.: Isola- 
tion and properties of crystalline papain. 

. Biol. Chem. 130: 669-686 (1939). 

(28) Anson, M. L.: Carboxypeptidase. I. The 
preparation of crystalline carboxypepti- 
dase. J. Gen. Physiol., 20: 663-669 
(1937). 

(29) Wacpscumipt-Leitz, E., ScHAFFNER, A., 
Bex, J. J., and Bum, E.: Uber das pro- 
teolytische System in tierischen Organen. 
18 Mitteilung zur Spezifitat tierischen 
Proteasen. Ztschr. f. physiol. Chem., 188: 
17-47 (1930). 

(30) Kéet, F., and Erxtesen, H.: Zur Atiologie 
der malignen Tumoren. I. Mitteilung 
iiber die Chemie der Tumoren. Ztschr. f. 
physiol. Chem., 258: 57-95 (1939). 

(37) Jounson, J. M.: A comparison of the optical 
forms of glutamic acid from normal and 
cancerous tissue. J. Biol. Chem., 132: 
781 (1940). 

(32) : The racemization of glutamic acid. 
J. Biol. Chem., 134: 459 (1940). 

(33) Fruton, J. S., Irvinc, G. W., and Berc- 
MANN, M.: The specificity of proteolytic 
enzymes from tumors. J. Biol. Chem., 
132: 465-466 (1940). 

(34) Oxamoto, Y.: Studien iiber die Milz der 
Krebsratten. Gann, 21: 31-38 (1927). 

(35) Rorro, A. H.: Eine biologische Reaktion der 
Milz, hervorgerufen durch Blut tumorbe- 
hafteter Ratten. Ztschr. f. Krebsforsch., 
30: 180-194 (1929). 

(36) Lampret, O., and Driessens, J.: Modifica- 
tions histologiques au niveau du greffon 
et de la rate au cours de la régression du 
sarcome de Jensen sous Il’action de l’insu- 
line. Compt. rend. Soc. de biol., 120: 
188-190 (1935). 


ge 
OL 
& 
iga 
P 
a 


Chemical Studies on the Components of 
Normal and Neoplastic Tissues 


V. The Relative Arginase Activity of Certain Tumors 
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INTRODUCTION 

Although numerous studies have been 
made on the relative enzymatic activity 
of normal and of tumor tissues (7), their 
value has been difficult to assess. This is 
due to two causes: (1) The failure to 
employ comparable normal control tissue 
for the tumors studied; and (2) the use of 
an inadequate technique for the enzyme 
investigations. 

Ewing (2) has stated that the behavior 
of a neoplasm is mainly determined by 
the properties of the tissue of origin. It 
seems best, therefore, to compare the 
chemistry of a tumor with that of its 
tissue of origin (3, 4). Certain exceptions 
to this procedure are apparent, but studies 
may be limited to neoplasms of known 
histogenesis in which the tissue of origin 
is available in relatively concentrated form. 
Voegtlin (3) has emphasized the care 
required in the selection of tumors and 
control tissues and has pointed out that a 
small amount of unavoidable extraneous 
material, such as the stroma, may be 
present. However, necrosis, leukocytic in- 
filtration, and post-mortem degeneration 
can usually be eliminated. Transplanta- 
tion of growing neoplastic tissue in animals 
affords an excellent method for obtaining 
almost pure material under readily con- 
trollable conditions, and we have used 
this method wherever it has been possible. 

In this communication is reported a 


study of the relative arginase activity of 
certain pairs of tumor and normal control 
tissues, as well as that of a number of 
miscellaneous tumors and normal tissues. 
This enzyme was chosen for investigation 
because of the many references in the liter- 
ature to the greater activity of arginase in 
tumors as contrasted with normal tissues 
(7). This conclusion was largely based on 
the relative enzymatic activity of the Jen- 
sen rat sarcoma and the Ehrlich mouse 
carcinoma on the one hand, and normal 
muscle on the other. As a statement of 
fact, this may be true. It is doubtful, 
however, whether it is in any sense a contri- 
bution to the problem of cancer. We 
have found, moreover, that the experi- 
mental approach to a study of the relative 
enzymatic activity of various tissues de- 
mands a more extensive technique than 
that heretofore used. Edlbacher and co- 
workers (5, 6), and many others (7, 7) 
made their comparison on the basis of a 
single determination of the proportion of 
arginine attacked by the enzyme under 
wholly arbitrary conditions. This method 
is obviously meager and insufficient. In 
order to express the relative enzymatic 
activity of various tissues in reasonably 
quantitative terms, we found it necessary 
to determine the activity over a wide 
range of varying ratios of enzyme to sub- 
strate as well as to conduct studies of the 
reaction velocity for each tissue. More- 
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over, the amount of extractable nitrogen 
from each tissue has had to be taken into 
consideration. 

An exception to the criticism outlined 
above can be made in the case of the 
extensive work of Hellerman and coworkers 
(8, 9) on normal liver arginase. Heller- 
man and Perkins (/0) showed that the 
activity of normal liver arginase follows 
the course of a monomolecular reaction. 
We have confirmed this observation and 
have shown in the present paper that the 
arginase in each of the tissues studied also 
follows this order of reaction. Heller- 
man’s finding, therefore, provides the basis 
of a rational method of comparison of the 
arginase activity of different tissues. 


EXPERIMENTAL PROCEDURE 


MATERIAL 


Although the arginase activity of a wide 
variety of normal and tumor tissues was 
investigated, the chief emphasis of these 
studies was laid on the relative arginase 
activity of liver, breast, and lymph nodes 
on the one hand, and of the neoplasms 
arising from their principal constituents 
on the other. Tissues were removed from 
animals immediately after decapitation or 
ether asphyxiation. They were either ex- 
tracted at once or were frozen and stored 
at —10° C. for a few days. There was 
no evidence that storage in the frozen state 
has any effect on the arginase activity of 
the tissues studied. 


Gross AND Microscopic DESCRIPTIONS OF 
Tumors 


Hepatic tumors of rat 


The hepatic tumors were induced by 
one of the present writers (J. W.) in 
Osborne-Mendel rats by the oral admin- 
istration of p-dimethylaminoazobenzene 
(butter yellow). 

These tumors were studied pathologi- 


cally by Dr. Jesse E. Edwards, who sub- 
mitted the following descriptions: 


Tumor 31. The liver bearing the neoplastic tis- 
sue was greatly enlarged, weighing 68 gm. Part 
of the liver was yellow-gray, firm, and nodular 
and characteristic of cirrhosis. Scattered through 
the organ and replacing its substance were nu- 
merous tumor nodules varying in size from 0.5 to 
2.0 cm. in average diameter. Grossly, the tumor 
tissue varied in character from firm white areas 
to softer brownish-purple areas. The latter were 
somewhat cystic. 

Tumor tissue was successtully transplanted into 
the subcutaneous tissues of rats of the Osborne- 
Mendel strain. The tumor transplants grew rap- 
idly and measured approximately 2.5 cm. in a 
month. The transplanted tumors were encap- 
sulated, firm, white, and showed a moderate 
amount of central necrosis. 

Microscopically, the original tumors varied in 
appearance. In some areas they grew as adeno- 
carcinoma with cuboidal cells forming acini lying 
in closely applied, dense connective tissue. In 
other fields the tumor cells were arranged in 
cords and sheets surrounded by a thin fiber of 
connective tissue which separated the neoplastic 
cells from endothelial lined blood sinuses. 

In the first and second generation transplants 
the tumor was growing as an adenocarcinoma 
with a considerable amount of stromal connective 
tissue. In the third generation there was some 
tendency toward gland formation on the part of 
the tumor cells. In other areas the glandlike 
structures fused with solid cords of cells, and in still 
others the tumor was growing in the form of 
closely packed cords with no gland formation. 
The latter picture was the one encountered almost 
exclusively in the fourth generation. No fat or 
glycogen was present in the tumor cells. 

In the early generation of transplantetion the 
diagnosis was adenocarcinoma and in the latter 
hepatoma. This evidence would suggest that the 
tumor was derived from the parenchymal cells of 
the liver rather than from cells of the bile ducts. 

Tumor 82. The primary tumor arose in the liver 
of a rat that was deeply jaundiced and showed 
clay-colored stools. The liver was firm, brown, 
and mottled with gray areas. The original tumor 
involved one of the right posterior lobes of the 
liver. It was firm, white, and measured 2.0 cm. 
greatest dimension. The mass protruded from the 
hepatic capsular surface to involve and obstruct 
the common bile duct in its lower third. Proxi- 
mally the duct was greatly dilated, measuring 
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6 mm. in diameter, while distally it was collapsed. 
The lungs contained six metastatic nodules from 
2 to 3 mm. in diameter. 

Fragments of the primary tumor were success- 
fully transplanted subcutaneously to rats of the 
Osborne-Mendel strain. 

Microscopically, the primary tumor and the 
first generation transplant were similar in struc- 
ture. The cells were fairly large with an abun- 
dance of eosinophilic cytoplasm and large vesicu- 
lar nuclei. The cellular arrangement was in the 
form of sheets and cords with a slight tendency 
toward gland formation. No fat or glycogen was 
present. The diagnosis of this tumor was 
hepatoma. 


The arginase activity of the rat hepatic 
tumors was compared with that of normal, 
regenerating, embryonic, and _ cirrhotic 
adult rat liver. The remarkable restora- 
tion of the liver to its normal size within 
2 weeks after partial hepatectomy affords 
an excellent opportunity for the study of 
rapidly growing adult tissue (77). Resid- 
ual liver was removed from rats 1, 2, 3, 4, 
7, and 10 days after excision of the median 
and lateral lobes. This provided tissue 
growing at several different rates in respect 
to weight, volume, and number of cells. 
Cirrhotic liver was obtained from rats 
that had been fed f-dimethylaminoazo- 
benzene on a low cystine diet. It appeared 
histologically as irregular islands of paren- 
chymal cells surrounded by delicate strands 
of connective tissue. Focal proliferation of 
bile ducts was noted. The relative argi- 
nase activity of adult and fetal rabbit liver 
(17 days gestation) was also studied. 


Hepatic Tumors of Mouse 


The tumors in the I and C3H strains of 
mice were developed by Andervont (72). 
We are indebted to him for this material 
and to Dr. Hugh Grady for the histo- 
pathological findings. 

Hepatic tumor No. 1 arose in the liver 
of a female strain I mouse which had re- 
ceived 11 subcutaneous injections of 2- 
amino-5-azotoluene. Little variation in 
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its biological behavior or its morphological 
characteristics has occurred during the 28 
passages of this neoplasm in strain I mice. 
The tumor grows rapidly on subcutaneous 
transplantation by the trocar method, at- 
taining an average diameter of 2 cm. in 2 
weeks when it appears as a circumscribed 
mass having the color and consistence of 
liver tissue. Histologically, the neoplasm 
is composed of atypical polygonal cells 
resembling those of the hepatic paren- 
chyma. They vary in size and grow in 
cords separated by sinusoids or occasion- 
ally in sheets surrounding a central cap- 
illary vessel. Cytoplasm is usually finely 
granular and the nuclei are round and 
frequently hyperchromatic. Mitotic fig- 
ures are numerous and occasional tumor 
giant cells are seen. There is little stroma 
except at the periphery of the transplant 
and little evidence of necrosis or hemor- 
rhage. No bile ducts or typically glandular 
structures are seen although the cords may 
occasionally grow abouta central space pro- 
ducing a superficial similarity to a gland. 

Hepatic tumor A, was obtained from 
Dr. E. W. Emmart and arose in the liver 
of a C3H mouse which had received 13 
subcutaneous injections of 2-amino-5- 
azotoluene. It has been transplanted 
through 10 passages in C3H mice. Sixty 
days after the subcutaneous injection of 
finely minced tissue, the tumor appears as 
a firm, yellow-gray, circumscribed mass 
approximately 2.5 cm. long and 1.5 cm. 
in width having a small area of central 
necrosis. This neoplasm reproduces liver 
architecture closely. Polygonal cells are 
arranged in sheets or irregular cords sepa- 
rated by sinusoids. The cells closely re- 
semble hepatic parenchymal cells although 
there is moderate variation in size. Mi- 
totic figures are seen but are not numerous. 
No bile ducts or evidence of gland forma- 
tion is noted. The stroma is scanty, and 
there is little necrosis or hemorrhage. 
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Lymphomas 

Lymphomas were developed by one of 
the writers (G. B. M.).. Lymphoma Y103 
arose spontaneously in a mouse of the 
dilute brown strain which had enlarge- 
ment of the liver, spleen, and lymph nodes, 
and a leukemic blood picture. Subcu- 
taneous transplantation of a piece of af- 
fected lymph node into other dilute brown 
mice was followed in 4 weeks by lesions 
similar to those found in the original 
mouse. This neoplasm did not produce a 
large mass at the site of inoculation. 
The architecture of the lymph nodes and 
spleen was obliterated by diffusely growing 
relatively mature lymphoid cells which 
varied little in size. Similar cells were 
found in many of the organs and tissues 
where they appeared as leukemic infil- 
trations. 

Lymphoma 72942 was similar to Y103 
but arose spontaneously in a strain A 
mouse. Subcutaneous transplantation of 
neoplastic tissue to other strain A mice 
was followed in 4 to 6 weeks by the 
development of lesions similar to those 
found in lymphoma Y103. The lymphoid 
cells of lymphoma 72942 were large and 
relatively immature. They produced a 
large mass at the site of inoculation. 

Lymphoma Y606 arose in the superior 
mediastinum of a dilute brown mouse 
that had been painted with a methyl- 
cholanthrene solution (/3). No enlarge- 
ment of the liver, spleen, cr other lym- 
phatic tissues was present at necropsy, 
although these structures contained tumor 
cells when examined histologically. Sub- 
cutaneous transplantation of a piece of the 
mediastinal mass produce a large tumor 
at the site of inoculation, enlargement of 
regional lymph nodes, and a leukemic 
blood picture in 3 to 4 weeks. The neo- 
plasm was composed of large lymphoid 
cells with scanty basophilic cytoplasm 
and hyperchromatic nuclei that varied 


slightly in shape. Similar cells infiltrated 
many organs and tissues. 

The observations made on the lym- 
phomas were compared with observations 
made on normal lymph nodes. These 
were dissected from the axillary, mesen- 
teric, and inguinal regions of healthy 
normal adult mice. 


Spontaneous mammary tumors 


Spontaneous mammary tumors were 
obtained from female mice of the C3H 
strain and from hybrid female mice of 
the F, generation that resulted from 
mating strain C57 Black males to strain A 
females. Most of the tumors were firm, 
nedular, gray, solid, circumscribed masses. 
A few, however, contained cystic areas 
filled with blood. We are indebted to 
Dr. Andervont for the tumors from the 
strain C3H mice (7/4) and Dr. Heston for 
the tumors from the C57 A hybrids. 

The arginase activity of the mouse mam- 
mary tumors was compared with that of 
lactating breast and hyperplastic mam- 
mary tissue from C3H mice. The hyper- 
plasia was induced by allowing a 6-to-8-mg. 
pellet of 10 percent stilbestrol in choles- 
terol to remain in the subcutaneous tis- 
sues for 3 weeks. We are indebted to Dr. 
Shimkin for his advice and assistance in 
this technique (75). The lactating tissue 
was carefully dissected from mice that 
had been with their broods at the time of 
removal. Very little, if any, evidence of 
milk was observed. For further compari- 
son, the lactating tissue of the rat was also 
investigated. 


THe METHOD FOR DETERMINATION OF 
RELATIVE ARGINASE ACTIVITY 


The method used in the present study is 
similar to that described by many investi- 
gators (5), namely, incubation of the 
tissue preparation with /-arginine, hy- 
drolysis of the urea formed by urease, and 
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subsequent estimation of the ammonia 
formed by the latter reaction. However, 
since our method of evaluating the relative 
activity is in large measure a new approach, 
it may be advisable to discuss it in some 
detail. 

For the preparation of the arginase from 
tissue, we considered it desirable to depart 
from previous practices of using glycerol 
extracts, acetone-dried extracts, or pieces 
of whole tissue. The use of glycerol im- 
poses a change in the reaction medium 
of unknown extent by considerably de- 
pressing the dielectric constant. The ace- 
tone-dried extract is composed mostly 
of denatured proteins, the stability of the 
dried enzyme decreases with time, and 
the extract prepared from the dried 
material is little representative of the 
tissue from which it is derived. The use 
of pieces of whole tissue suspended in the 
reaction mixture during the incubation 
period with arginine introduces the com- 
plication of a separate phase with an un- 
known rate of liberation of arginase and 
concomitant substances from the intact 
tissue into the surrounding medium. 

The method which we have adopted is 
to grind a known weight of the wet tissue 
with a little quartz sand in a glass mortar. 
The finely ground material is then sus- 
pended in three times its weight of a chilled 
solution of 0.5M KCl plus 0.03 N NaHCO, 
which has a pH of 8.0. The mixture is 
stirred, a drop of toluene added, and then 
placed in an ice box at 5° C. for a period 
of 18 hours. At the end of this time, the 
mixture is either centrifuged or strained 
clear through fine gauze. An aliquot of 
the filtrate is used for total nitrogen deter- 
mination. This filtrate is used at once 
for the arginase determinations. Each 
tissue investigated is treated in the same 
fashion, and it may be emphasized that 
determinations are always made on the 
freshly prepared solution. Although this 


involves a number of tedious preparations 
and determinations, the method assures 
something like a representative extract 
of the soluble tissue components, some 
knowledge of the amount of protein and 
other nitrogenous substances extracted, 
and the provision of a pH relatively far 
removed from the optimum of the tissue 
cathepsin. 

The relative arginase determinations for 
each tissue were conducted in two parts. 
The first part consisted of a “dilution 
series,’ whereby a portion of the extract 
was progressively diluted with the original 
chilled extraction-solution of 0.5 M KCl 
and 0.03 N NaHCO. The volume of each 
dilution was maintained at 1.0 cc. Thus 
the total volume, the salt concentration, 
and the pH remained constant throughout 
the series, and the only factor which dimin- 
ished was the extractable tissue compo- 
nents. We found it convenient to conduct 
the enzyme reactions in 15-cc. conical 
centrifuge tubes. To each member in the 
series 0.4 cc. of a M/15 phosphate buffer 
at pH 8.0, 0.05 cc. of a 0.2-percent solution 
of manganese sulfate, and 1.0 cc. of a 
0.20-percent solution of arginine mono- 
hydrochloride were successively added. 
For the determination of urea in the tissue, 
1.0 cc. of the original, undiluted extracts 
was treated with 1.0 cc. of distilled water 
instead of the arginine; phosphate and Mn 
were added, however, as usual. The argi- 
nase reactions were thus carried out at 
pH 8.0. The mixtures were incubated at 
39° for a stated period, then treated with 
0.10 cc. of the 2 percent acetic acid and set 
in a boiling water bath for 10 minutes. 
The contents of the tubes were cooled, and 
20 mg. of powdered jackbean meal (Arlco) 
was added to each tube. The tubes were 
shaken vigorously and placed in the in- 
cubator for 15 minutes. The urease reac- 
tions were thus carried out at pH 6.5. The 
coagulum in the tubes was then centri- 
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fuged, the supernatant transferred to aera- 
tion tubes, and the coagulum washed with 
2 cc. of distilled water. After centrifuging 
again, the wash water was added to the 
supernatant in the aeration tubes. The 
combined supernatant and washings were 
treated with two drops of caprylic alcohol 
and 1 cc. of saturated potassium carbonate 
and aerated in the usual manner. For ab- 
sorption solution 5.0 cc. of a 0.2 percent 
sulfuric acid solution was used. After 45 
minutes of vigorous aeration, the contents 
of the absorption solutions were made up 
to 20.0 cc. with distilled water, 5.0 cc. of 
Nessler’s reagent was added, and the colors 
developed were compared with those of 
standard ammonium sulfate solutions. 
From the amount of total ammonia nitro- 
gen found at each dilution the amounts of 
ammonia nitrogen derived from the tissue 
urea were subtracted. 

Controls of the jackbean powder and 
arginine, or of the alkali and arginine were 
negative. Under the conditions of our ex- 
periments, the action of the “‘argininolytic” 
enzyme described by Hellerman and Stock 
(9) as being present in jackbean meal was 
not apparent. Standard solutions of urea 
were entirely decomposed by the jackbean- 
meal urease within the time limit given 
above. A pair of controls were set up for 
each of the tissues investigated and con- 
sisted (1) of tissue extract plus water and 
(2) of tissue extract plus arginine. Each 
member of the pair was treated with phos- 
phate buffer and manganese, incubated 
for 2 hours at 39°, and set in boiling water. 
No jackbean powder was added to either. 
The mixtures were immediately aerated 
after centrifuging and washing. The am- 
monia found in (1) is that present in the 
tissue, the ammonia found in (2) is the sum 
of that found in (1) plus that due to any 
possible ammoniacal breakdown of argi- 
nine during the incubation with the extract. 


In the case of each tissue, the amount of 
ammonia found in (1) was practically 
identical with that found in (2). The 
amount of ammonia nitrogen found per 
cubic centimeter of tissue extract ranged 
from 0 to 0.02 mg. 

The second part of the determination of 
the relative arginase activity consisted in 
choosing a particular dilution of the original 
extract which would permit within prac- 
ticable limits a study of the kinetics of the 
arginase action. Thus, if the rate of reac- 
tion during a 2-hour interval is desired, 
some care must be exercised in the choice 
of a particular concentration of extract. 
As an illustration, undiluted liver extract 
reaches its maximum effect on arginine 
within an unmeasurably short period of 
time. In order to carry out observations 
of the rate of reaction during a 2-hour 
period, it is necessary to dilute the orginal 
extract well over 200 times. When the ap- 
propriate concentration has been found,the 
reaction mixtures are prepared, and the 
procedures conducted as outlined above. 
In this connection we have usually studied 
the rate of reaction over four varying periods 
of time. The splitting of the arginine by 
arginase is described in terms of the am- 
monia nitrogen obtained by aeration, less, 
of course, by the amount derived from 
the preformed urea, and the percentage 
hydrolysis of the arginine is expressed as 


Milligrams ammonia N found 
Milligrams ammonia N for total hydrolysis 


100. 


The denominator in this equation is 0.266. 
In order to see whether the action of 
arginase follows a monomolecular course, 
the values for the percentage hydrolysis, 
H, during time intervals, ¢, are substituted 
in the formula for the monomolecular 
reaction: 
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(1) Kate 

t °100—H 
From the data given in this paper it may 
be seen that, similar to the findings of 
Hellerman and Perkins (/0), the course of 
arginase activity may be closely described 

in terms of this order of reaction. 

The experimental findings of the arginase 
activity in the various tissues are described 
in the following sections. Arginase deter- 
minations were performed on_ several! 
preparations of each tissue. The values ob- 
tained were invariably reproducible to 
within 20 percent. The data on each tis- 
sue, usually on one preparation, may, there- 
fore, be considered to be representative. 
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EFFEcT OF DILUTION OF THE EXTRACT ON 
ARGINASE ACTIVITY 


The extract of each tissue was progres- 
sively diluted as previously described. The 
total volume, the salt content,the pH, the 
amount of activator, and the substrate 
concentration all remained constant—only 
the extractable components of the tissue 
diminished in concentration. The various 
dilutions of each tissue were run simul- 
taneously. The results are given in 
table 

1 At very high dilutions, the values marked “0” in 
table 1 for the t of ia formed after diges- 
tion, dc not necessarily signify that there is no digestion 
at these dilutions, but more often that so little ammonia 


nitrogen is present that our analitical methods are in- 
adequate to determine it with sufficient accuracy. 


Tase 1.—The relation of arginase activity to dilution of the extract 


Time of incubation for arginase 2 hours; the description of the method used is given in the text. 


The total N is deter- 


mined on an aliquot of the original strained tissue extract] 


Total 
Total monia 
Descripti N in N from 
scription of tissues | sisof Q 
N after | | argi- 
tract drol- and | nine 
ysis 
Mg. 
per 
cc. Mo. Mg. Pet. 
4.0 0. 252 0. 045 ca 
2.0 . 254 . 023 
. 254 009 
Normal I strain mouse } .4 252 005 | 
livers. -252 | .002 | 
025 | } 73 | 248 
4.0 . 259 . 049 
2.0 259 . 025 
Livers of I strain mice .8 260 
carrying transplant- } .4 . 260 . 005  j.... 
ed hepatic tumor. . 61 003 
-l | .260 002 
. 05 - 235 001 88 | 238 
025} .194 73 | 248 
| | | 
5.25 | .209 . 094 
.525 .251 | .009 91 |... 
Livers of C3H mice | . 263 . 252 005 
carrying transplant- . 131 . 252 002 | 
ed hepatic tumor. . 066 . 2335 . 001 1... 
. 033 84 261 
| | 65 253 
4.0 .%2| .080| 45 
2.0 . 194 . 040 58 | 46 
Transplanted hepatic || .8 . 016 38 «41 
tumor in I strain .4 077 - 008 | 26 36 
mice. . 063 . 004 22 38 
a . 050 . 002 18 40 
. 05 . 033 - 001 12 35 
025 0 0 


| 
| 
| 
| 


Total — monia | 
N in m- from 
Description of tissues ex monia sisof @Q 
| Nafter| | argi- 
tract and 
| hydrol am- nine 
| monia 
Mg. | 
per | | 
cc. | Mg. Mg. Pet. | 
4. 65 0. 255 0. 093 61 36 
. 465 . O85 . 009 28 36 
Transplanted hepatic | .232 . 064 005 22 | 37 
tumor in C3H strain { .116 . 042 002 15 30 
mice. 058 . 008 001 12) 31 
.029 | 0 
01 0 |. 
| 4.20 311 |. 061 94 
2.10 . 285 . 080 
- 42 . 256 . 006 4 
Normal rat liver_ . 256 . 003 95 
.10 . 246 . 001 92 | 
05 - 31 87 | 235 
.025 |. 162 --| 61 | 209 
. 012 . 125 meee 7 | 205 
. 006 . 098 ace 7 | 203 
(3. 45 .296 .099 
1.73 266 .049 
Liver of rat carrying 69 . 266 .019 j.... 
transplanted hepa- |} .35 | .009 97 
tie tumor No, 31— .18 . 252 . 004 
third passage. .09 . 204 - 002 | 1.... 
. 043 . 169 . 001 63 | 180 
. 022 . 136 51181 
106 40 180 
4.94 . 284 O87 
2.47 | O44 86 
Liver of rat carrying | . 204 017 93 
transplanted hepa- || .50 .271 . 008 99 
tic tumor No. 31— |, .25 - 251 . 004 93 
fourth passage. . 125 . 244 . 002 91 
062 . 203 .001 7 192 
| 031.154 58 | 184 
O15 42. 170 


| 
| 
| | 
| 
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Taste 1.—The relation of arginase activity to dilution of the extract—Continued 


Description of tissues 


Liver of rat carrying 
transplanted hepat- 
ic tumor No. 
first passage. 


Liver of rat fed butter 
yellow on low cys- 
tine diet. 


Liver of rat fed butter 
yellow on high cys- 
tine diet. 


Rat hepatic tumor 
transplant No. 82— 
first passage. 


Rat hepatic tumor 
transplant No. 31— 
fourth passage. 


Normal female adult 
rabbit liver. 


Liver of pregnant rab- 
bit. 


Rabbit embryo livers 
17 days old. 


Liactating mouse 
breast. 


Total 
N in 
ex- 
tract 


Total Aerated 


am- 
monia 
monia N from 
N after 
hydrol- and 
sis a m- 
monia 
Mg. Mg. 
0.258 0. 088 
. 265 . 044 
. 265 
. 267 . 009 
. 265 . 004 
. 265 . 002 
251 .001 
. 194 
. 46 
-272| .046 
2 009 
. 270 004 
| 002 
.179 001 
. 122 
096 
. 267 052 
. 146 010 
005 
066 002 
. 001 
051 
. 035 
.178 050 
. 113 025 
O87 010 
. 061 . 005 
. 042 . 002 
0 
0 
0 
M7 . 067 
058 
043 006 
. 080 . 003 
0 
0 
. 299 O81 
279 008 
278 004 
. 260 . 002 
. 246 . 001 
210 
176 
270 065 
. 261 . 006 
. 261 003 
. 262 
245 
. 189 
138 
. 252 
. 194 
. 146 . 005 
. 106 . 002 
.09 
. 067 
0 
. 252 . 092 
. 143 O18 
.099 . 009 
. 065 . 004 
O47 . 002 
. 088 001 


Hy- 
droly- 
sis of 
arei- 

nine 


Q 


213 


254 
267 


Total 
aerated 
Total 
Description of tissues i monia 
ex- 
tract N after 
hydrol 
ysis 
Mg. 
per 
ce. Ma. 
0.95 0. 161 
19 . 105 
Hyperplastic mouse 10 . O84 
breast induced by 05 .072 
stilbestrol. 025 . 053 


0062 035 
3. 00 . 306 
1.50 . 272 
C3H mouse mammary 60 . 225 
tumor. 30 
15 . 168 
075 .129 
038 098 
3. 22 . 326 
1.61 - 287 
C57xA hybrid mouse = = 
mammary tumor. 4 - 216 
os | .140 
O04 . 105 
1.96 . 145 
- 98 . 083 
mouse lymph 39 "030 
.20 
.10 0 
1, 96 . 190 
Mouse lymphoma 39 . 068 
Y103. 20 049 
.10 0 
2.00 
Mouse lymphoma 1.00 
79942 40 049 
‘ 20 
.10 0 


marrow. 


Normal mouse bone ft 


Mouse lymphoma 
Y606. 


Normal mouse sali- 
vary glands. 


334 


1.80 . B05 


2.34 237 
Normal mouse lung. 

. 46 . 109 
23 O81 
1.7 . 322 
.35 . 097 
.18 067 
Normal mouse kidney .09 
O41 

.022 0 

0 


Aerated 


am- 
monia 
N from 


monia 


Mq. 
0 


Hy- 
droly- 
urea SIS Of @ 
and | 
am- | Dine 
| 
Mg. 
per 
ce. Pet. Pet. 
5. 50 64 | 60 
2.75 &3 | 
1.10 93 31 
99 | _- 15 
07 94 13 
73 
55 | 203 93 [63] 
| .030 [78] 
2.47 85 | 012 80 | [95] 
49 95 006 77 | 114 
.25 100 62 115 
86 001 48 114 
062 67 169 37 «111 
. 031 46 147 
O15 36 «146 .089 89 
045 91 
2.47 81 60 90 
ff 49 51 | 64 78 (113 
43) 67 004 65 | 118 
062 20) 001 39 «114 
. 031 19 60 
13 54 076 26 | 21 
.038 17. 
2. 62 48 35 O15 13 «19 
1.31 33 (30 0 
. 52 29 «(36 0 
26 21 | 32 
15 | 29 49 39 
065 0 .030 29 | 29 
. 032 012 21 | 29 
0 006 16 28 
0 
2.48 30 | 22 
.49 17 21 . 021 36028 
25 21 010 260.6 
"125 10 20 
Pac . 062 0 0 
. 031 0 0 
48 102 33 .038 027 4 
| 103 53 0 0 
. 03 79 . 042 74 «75 
: 47 83 
3. 60 77 . 004 35 7 
97 . 134 75 (46 
O45 92 40 66 
52 | 233 | .001 
15 | 50 
. 63 87 101 14| 59 
315 69 101 079 83 «49 
A 157 53 99 55 
25 | 92 004 29, «47 
7 OO 0 
.059 99 | [82] 
2. 96 60 42 32, 45 
47| 55 006 23. 
.30 . 003 18 41 
07: 17 41 0 
14 42 0 
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Tasie 1.—The relation of arginase activity to dilution of the extract—Continued 


Total Aerated 


Total 2¢rated  monia d 
ipti i | from | 
Description of tissues monia sisof Q 
urea 
| treet N after and rgi- 
| hydrol- am- nine 
ysis monia 
Mg. 
per 
cc. Mg. Mo. Pet 
1,80 0. 227 0.110 44 36 
90 . 192 055 25 | 26 
Normal mouse skin...) .36 | .073 -022 19 | 27 
-18 | 046 13 23 
09 029 | 9| 21 
Normal mouse brains_ 1. 86 .079 . 052 10| 8 
4.51 125 .101 9 5 
Normal mouse muscle_ 42. 25 . 069 . 050 7 5 
9 . 028 020 3 3 
3. 36 . 142 113 11 7 
1. 68 . 080 . 056 9 7 
Normal mouse spleen_; .67 .034 . 023 5 
. 34 0 0 
17 0 0 
3. 50 273 . 105 63 | 42 
1.75 206 . 052 58 48 
.70 . 162 .021 53 58 
Mouse melanoma. ---- .35 .010 39 
.18 072 . 005 25 45 
09 053 . 002 19 47 
045 O44 . 001 16 45 


| | | 
| Total Aerated | 


Total aerated 


monia 
am- i; roly- | 
Description of tissues | monia |X | ‘sis of | Q 
| N after rgi- | 
tract | hydrol- | nine | 
| monia | 
Mo. | | 
per 
ce. Mo. Mg. Pet | 
1.74 0. 226 0.050 66 55 
87 . 161 025 51 | 
-35 | .095 | .010 | 32 46 
Mouse tumor CR180.-{ .18 | .074 |) .005 26 «46 
.045 | 1.001) 16) 45 
0 | 0 |---- 
1.92 220 063 | 59 | 47 
96 152 . 032 45 46 
38 lll .013 37 51 
Jensen rat sarcoma. --- 19 07. 25 44 
09 054 . 003 19 43 
045 041 . 001 15 | 43 
5.00 -206 .126 64 | [36] 
2.50 -252 | = .063 | 71 53 
1.00 | .206| .025|) 68) 68 
.158| .012' 55] 69 
Rat lactating breast...{ .25 | .115) .006| 41 65 
| .091 003 33 66 
062 . 068 . 001 25 63 
031} .051 |--.-_-- 19| 61 
015 . 040 15 61 


The behavior of the extracts of normal 
liver and of the mouse mammary tumors 
on dilution provides a remarkable con- 
trast with that of all the other tissues 
studied. The arginase activity of liver 
increases on dilution of the extract until a 
certain point is reached when it progres- 
sively decreases on further dilution. The 
same phenomenon is observed in the case 
of the hybrid C57 & A mouse mammary 
tumor. The enzymatic behavior of the 
C3H mammary-tumor extract in con- 
centrated solution presents some anomaly, 
and this will be discussed later. On the 
other hand, the arginase activity of all the 
other tissue extracts studied decreases with 
dilution. 

Tentatively, we may attempt to explain 
this behavior of normal liver extracts on 
the following grounds: Of all the animal 
tissues, liver contains by far the greatest 
proportion of arginase. The latter is 
presumably either a protein or very sim- 
ilar to a protein (8), and as such might be 
expected to be bound into the closely 


meshed protein complex of the normal 
liver cells. When the fresh tissue is 
extracted, the entire protein complex 
passes into the extraction solution. The 
arginase is still concentrated in this com- 
plex and cannot free all of its functional 
groups. On dilution, however, two op- 
posing effects concur. One consists in 
the progressive dissociation of the protein 
complex on dilution of the extract, where by 
more and more of the functional groups 
of the arginase are liberated and the 
activity consequently increases. The other 
consists in a decrease in activity on dilution. 
Up to a certain dilution the former effect 
predominates, then the latter influence 
becomes more effective. The behavior 
on dilution of normal liver arginase is, 
therefore, a function of the algebraic sum 
of the two simultaneous effects. The 
same explanation may be applicable to 
the behavior of the spontaneous mouse 
mammary tumors, which we have shown 
to have, next to normal liver, the greatest 
arginase activity of all the tissues studied 


| | | 
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(table 3). The dissociation of protein 
complexes on dilution has often been 
described (7/6). 

The other tissues studied all have an 
extremely small proportion of arginase in 
comparison with that of normal liver. 
On extraction presumably all the func- 
tional groups of the relatively small amount 
of the enzyme are free or nearly free and 
hence the predominating effect on dilution 
is simply a drop in activity. 

The question that next arises is what is 
the possible relation of the drop in arginase 
activity of the tissue extract with dilution 
to the proportion of total extractable nitrog- 
enous components in solution? Inspec- 
tion of the values in table 1 shows that 
while no simple linear relation exists 
between the two, there is a strong probabil- 
ity of some exponential relation. Calcula- 
tion of the results reveals that they may be 
closely described by a cube-root relation, 
whereby the percentage hydrolysis, H, is 
roughly proportional to the cube root of 
the milligrams of total N per cubic centi- 
meter of the extract, 7.V, as follows: 


2) 


= 


The values of the quotient, Q, are given 
in table 1, and the near constancy of this 
empirical relation over the range of con- 
centrations studied demonstrates its valid- 
ity as a first approximation. The values 
of Q for the ascending values of activity 
with dilution of the normal liver and of 
the hybrid C57XA mammary tumors 
have been omitted since the relation 
obviously does not apply. Likewise, al- 
though the Q values for the C3H mam- 
mary-tumor extracts in the more con- 
centrated solutions are given in table 1, 
they are enclosed in brackets and are not 


further considered because of their obvi- 
ously anomalous character. A_ physical 
explanation for this rough cube-root rela- 
tion is not apparent. It must be empha- 
sized that it has been found to apply under 
the conditions of our experiments. Wheth- 
er it would be applicable to a study of 
arginase under conditions other than those 
described or whether it would hold under 
our conditions for other enzymes in tissues 
must await further experimentation. We 
have, however, found this empirical rela- 
tion to be highly useful for present pur- 
poses in the comparison of arginase 
activity in different tissues. The values 
of Q will be discussed in connection with 
the work described in the following 
section. 


THE MONOMOLECULAR COURSE OF THE 
ARGINASE REACTION 


The various tissues were extracted and 
the extracts adjusted, if necessary, to such 
concentrations of extractable nitrogen 
as would yield a gradually increasing 
amount of enzymatic hydrolysis during a 
selected time interval. The concentration 
of extractable nitrogen for each tissue 
was also chosen within the range where 
the empirical cube-root relation between 
concentration and enzymatic activity is 
valid (equation 2, table 1). The former 
condition is for convenience, the latter is 
a necessity for a valid comparison of 
enzymatic activity in different tissues. 
The kinetic data are given in table 2. 
The reaction mixtures were prepared in 
the same way as previously. It is evi- 
dent that the course of the enzymatic 
action with time may be described in 
terms of equation 1.” 


2 The amount of preformed urea in the tissue extracts 
studied does not change during the time intervals used. 
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TABLE 2.—The kinetics of arginase in various tissues 


(The values for the percent hydrolysis of arginine at various times, corrected for the urea blanks, are substituted in 
equation 1 to obtain the values of K] 


Total | Period \| | Total | Period | 
Tissue Nin | ofhy- Hyder | Tissue | Nin | ofhy- Hydrol) 
extract | extract ‘drolysis| y 
|| Mg. per’ Min- 
Mg. per| Min- | cc. utes Percent 
| utes ercent X103 || Liv 30 30 
} iver of rat with trans- | 
120; 83 | 20.0 || | 120 7 | 12.1 
Livers of I mice with trans- } 060 60 | 84} 310 || Liver of rat fed butter yel- \\ 031 | 60 7 | 5.0 
planted hepatic tumor... f ‘L120 | 88 | 29.0 | low on low cystine diet = | 
| | | 
Livers of C3H mice with 30 | 46 | 20.5 \\ | 30 | 17 6.1 
splanted hepatic 021 60 72 | 20.0 || P 
9 | 17.5 || Liver of rat fed butter yel- | 
tumor. 120; 88 17.5 || low on high eystine diet.\f 42) 6.0 
120 51) 5.9 
30 | a7 { 30 4) 4.9 
epatic tu- 1.80) | Rat hepatic tumor trans- 262 28) 5.4 
mor in I mice. plant No, 82—first passage |f “"°* | 90 40| 5.5 
4. 120 48 5.3 
387 | | 30 s| 29 
Transplanted hepatic tu- \ 2.33 | 60 | 21; 3.8 || Rat hepatic tumor trans- 60 15) 26 
mor in C3H mice____--_- . } 90 24 | 3.0 | plant No. 31—fourth pas- ; 2.48 90 25 31 
30 38} 15.9 | 
60 | 63! 163 30 24 9.0 
Normal rat liver. 052 | 90 77) 159 Normal female rabbit liver -019 53 | 8.2 
85 | 15.6 
iver of rat with trans- i | | | 6. 
hepatic tumor 023 | rt | Liver of pregnant rabbit... 90 420 6.0 
No. 31—third passage -- _- 120 47 | 52 120 56 6.8 
| 30 | 29 11.0 
30 10] 3.5 | 49/ 41 
| | b bry -3 | 4 
Lactating mouse breast_- 296 | || embryo livers 90 59 | 9.7 
| | 120 70, 
Hyperplastic mouse breast.| .05 { = Normal mouse 4.68 | 
| | 
30 | 2, 30 12 4.4 
C3H mouse mammary 10 60 49 | 11.0 Normal mouse kidney.____ 764 { 90 35 47 
C57X A hybrid mouse mam- \ 30 60 57 | 13.9 || Normal mouseskin........| 2.00 |) | | 
oo} ul 24 | | 
2 120 10| .85 
Normal mouse lymph \ 1.9% 120 %| 25 || Normal mouse brain.......| 1.86 4) 489 | 15 88 
tl | | 
5.9 | Normal mouse muscle 4.51 | 120 
Mouse lymphoma Y103__- 1.96 3 5.4 } 240 | 18 
60 19| 3.4 | 199 | 
ll 1. 
| Normal mouse 3. 36 | 
10 36 | 3.6 180, 16) 1.0 
ouse lymphoma 72942 2. 3.6 240 4) 121 
} 2. 66 | 180 10 || Mouse melanoma_________- 3. 50 180 71 70 
240 | 240) 87) 
30 34) 13.9 | 30 | 26 | 10.0 
120 83) 14.6 : 120; 8&9 
4.1 | 30; 2| 7.4 
2217 30 || Jensen rat sarcoma.......... 1.92 | &9 
120 40| 4.2 || 10, 59) 7.4 
Liver of rat with trans- 30 15 5.2 | 30 10) 3.4 
planted hepatic tumor -019 = Rat lactating 125 | | 
No. 31—fourth passage | 3: 
120 46 5.1 120 33 3.3 
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Tue Activiry oF REGENERATING Rat- 
Liver Tissve 


The liver residues were worked up and 
studied as hitherto. In outward appear- 
ance and in the amount of extractable 
nitrogen these tissues were similar to 
normal adult liver. No attempt was 
made to characterize them any further 
than for the determination of the arginase 
activity. Since in every case the arginase 
activity of the regenerating liver tissue 
was practically identical with that of 
normal adult liver, it was considered 
unnecessary to give the experimental 
results in detail. The final data are given 
in table 3. 


Tasie 3.—The relative arginase activity of various 


tissues 
Tissue Q A q 
«103 X102 
Normal I mice livers 1.1 
Livers of I mice with transplanted he- 
patic tumor. 243 1.2 
Livers of C;H mice with transplanted 
hepatic tumor 69 18 
Transplanted hepatic tumors in I mice 40 3 2.0 
Transplanted hepatic tumors in CH 
34 2 2.0 
Normal rat liver 213.43 1.4 
Liver of rat — transplanted hepatic 
tumor No. 31—third transplant : 1800s 21 2.8 
Liver of rat ath transplanted hepatic 
tumor No. 31—fourth transplant - 182 19 1.8 
Liver of rat with transplanted hepatic 
tumor No. 82—first passage 208 36 1.6 
Liver of rat fed butter yellow on low 
cystine diet 154 15 1.9 
Liver of rat fed butter yellow on high 
cystine diet 5s 2.1 
Transplanted rat hepatic tumor No. 
82—first passage 32 4 1.9 
Transplanted rat hepatic tumor No. | 
31—fourth passage ‘ ; 21 2 2.7 
Normal female rabbit liver. ___- 20 833 1.7 
Liver of pregnant rabbit ---| 244 28 1.8 
Rabbit embryo livers _- 97 15 3.3 
Extirpated lobes of normal rat liver___- 253045 1.6 
Regenerating rat liver | days after oper- 
ation 250 «43 1.9 
Regenerating rat liver 2day safter opera- 
tion 251 40 1.9 
Regenerati ing rat liver 3 days s after oper- 
ation _- 277 43 2.0 
Regenerating rat liver 4 days after oper- 
ation. _. 256 46 1.4 
Regenerating rat liver 7 days after oper- 
ation 24 45 2.2 
Regenerating. rat liver anyon after oper- 
ation 47 1.9 
Hyperplastic mouse breast salteden 67 7 0 
Lactating mouse breast ‘ 46 5 3.9 
C;H mouse mammary tumors 1.1 
C5;X A mouse mammary tumors - --- 116! 21 2.7 


TaBLe 3.—The relatwe arginrse activitty of various 
tissues—Continued 


Tissue Q A q 

Normal mouse tymph nodes 2 3.9 
Mouse lymphoma Y 103__- ' 31 4 3.1 
Mouse lymphoma 72942 26 | 3 1.1 
Normal mouse bone marrow __- oa 4 0.4 2.1 
Mouse lymphoma Y606 _____ 77 | 5.2 
Normal mouse salivary glands _. 56 7 3.1 
Normal mouse lung 10 1.7 
Normal mouse kidney 3.3 
Normal mouse skin 6.1 
Normal mouse brain 2 28 
Normal mouse muscle 4 
Normal mouse spleen 6 3.3 
Mouse melanoma , 49 5 3.0 
Mouse tumor C R180 2.8 
Jensen rat sarcoma 66 3.3 
Rat lactating breast = 63 7 25 


Tue RELATIVE ARGINASE ACTIVITY 


In order to summarize the data in tables 
1 and 2 more clearly, the averaged values 
of Q in the former table for each tissue 
are collected in table 3. In addition, the 
averaged values of A for each tissue in 
table 2 are divided respectively by the 
cube root of the appropriate values in 
milligrams per cubic centimeter of the 
total extractable nitrogen, thus 
(3) 

TN 

In addition, it was considered of interest 
to tabulate the data for the proportion of 
tissue urea plus ammonia, and for this 
purpose the results are represented as 
foilows: 


Milligrams ammonia N from urea 
and ammonia 


(4) 9= Milligrams total extractable nitro- 
gen (7.\) 


The data for the determination of the 
values of g are taken from table 1. The 
values of A and q are given in table 3. 

Inspection of the data in table 1 indi- 
cates the extent of the misconceptions 
which may arise in the comparison of 
enzymatic activity of different tissues. 
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Let us consider, as an example, the data in 
this table relating on the one hand to the 
livers of strain I mice carrying the trans- 
planted hepatic tumor and on the other 
hand to the transplanted hepatic tumor in 
strain I mice. 
columns of the dilution series for each 
tissue are Obtained on undiluted extracts 
prepared in the same way. A comparison 
of the percent hydrolysis of these extracts 
reveals 79 and 72 percent for the liver 
and for the hepatic tumor, respectively. 
This is the point at which previous inves- 
tigators have stopped, and under these 
conditions a comparison of the two tissues 
might result in the conclusion that the 
activity of the hepatic tumor arginase was 
of the same order of magnitude as that 
of the liver. However, if each extract is 
progressively diluted while all other fac- 
tors remain constant, the striking difference 
in the enzymatic activity of the two tissues 
is revealed. The same phenomenon is 
illustrated in the comparison of the 
activities of the undiluted extracts of nor- 
mal rabbit liver and rabbit embryonic 
liver, and even in the case of the other 
tissues investigated, the differences in 
activity are insufficiently revealed on the 
basis of only a single determination of the 
activity for each tissue. It is obvious that 
more than identical methods of extraction 
and single enzymic determinations are 
necessary for an adequate technique of 
comparison. The technique which we 
suggest for the latter purpose may be sum- 
marized as follows: 

(1) The amount of extractable nitrogen 
must be known since this value yields 
information concerning the _ relative 
amount of tissue extracted, and the nitro- 
gen value is indispensable for subsequent 
calculations. 

(2) Varying ratios of enzyme to sub- 
strate should be employed in view of the 


The first values in the: 


data discussed in the previous paragraph. 

(3) The possible relation between the 
extractable nitrogen and the enzyme 
activity should be determined. Under 
the conditions of our experiments, an 
empirical cube-root relation is revealed 
(equation 2), and on the basis of this rela- 
tion comparisons between tissues have been 
here drawn. 

(4) Itis advisable to determine the order 
of the reaction rate since the data derived 
from this study combined with those pre- 
viously mentioned afford at the present 
time the most satisfactory quantitative 
basis of comparison of enzymatic activity 
in different tissues. 

The data in tables 1 and 2 illustrate in 
part the methods employed in this study. 
The collected averaged values of Q and A 
in table 3 reveal the distribution of argi- 
nase in various tissues; values of Q and A, 
as one might expect, approximately paral- 
lel each other. The results with the 
various tissues are summarized in the four 
following subsections. 


Liver and Hepatic Tumors 


Embryonic rabbit liver tissue and tumors 
of the liver in the rat and in the two strains 
of mice have very much less arginase than 
has the normal liver of each species. The 
livers of strain I mice appear to have the 
same arginase activity as those of C3H 
mice; similarly, the hepatic tumors of the 
two strains have approximately the same 
arginase activity. The presence of the 
transplanted hepatic tumor in mice of 
either strain has no apparent effect on the 
arginase activity of the liver of the tumor- 
bearing animal. Likewise, the liver argi- 
nase of the pregnant rabbit is not affected 
by the presence of the embryos, and the 
transplanted hepatic tumor No. 82 in 
the rat has little or no effect on the liver 
arginase of the same animal. On the 
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other hand, the presence of the trans- 
planted fast-growing hepatic tumor No. 
31 in the rat apparently causes a marked 
lowering in the arginase activity of the 
livers of the tumor-bearing animals. The 
data for rats carrying the third and the 
fourth transplants of hepatic tumor No. 
31 are consistent in showing this effect.® 

Rats fed butter yellow together with a 
low cystine diet develop cirrhosis of the 
liver. Under the same conditions on a 
high cystine diet a neoplasm of the liver 
results. The arginase activity of the 
cirrhotic liver is lower than normal; the 
activity of the neoplasm is still lower 
(table 3). The relatively low value for the 
liver arginase of the fetal rabbits is also 
striking. 

Regenerating rat liver was found to have 
the same arginase activity as that of nor- 
mal adult liver. Like the hepatic tumor, 
the former is a very rapidly growing tissue, 
and yet the characteristic physiological 
property of arginase activity seems to be 
unaffected by the high rate of growth. 
For this reason alone, the results on the 
hepatic tumors are thrown in sharper 
focus, for in the case of these rapidly grow- 
ing tumors there is a great drop in arginase 
activity. The controlled growth of normal 
and regenerating liver on the one hand 
and the uncontrolled growth of the hepatic 
tumor on the other, each described in 
terms of an enzyme system of widely 
differing activity, are suggestive of being 
the result of a physiological environment 


3 The question may be raised as to whether the differ- 
ences found between liver and hepatic tumors might not 
be due to a complete extraction of the arginase from the 
former tissue and to an incomplete extraction from the 
latter. We therefore re-extracted the treated residues 
from the first extractions of livers and of hepatic tumors 
and found consistently that whereas the liver residues 
yielded a small amount of arginase on the second extrac- 
tion, the hepatic-tumor residues yielded nothing. The 
differences, therefore, between these two kinds of tissue 
are actually somewhat greater than the data in table 3 
show. 


differing greatly in the two cases. Further 
investigation is needed, however, on other 
enzyme systems in these tissues before this 
point can be settled. 


Mammary Tissues 


Mammary tissues are in marked con- 
trast with liver and hepatic tumors. Both 
lactating mammary tissue and hyperplastic 
mammary tissue induced by stilbestrol are 
uniformly much lower in arginase activity 
than are mammary tumors. There is no 
apparent difference between the arginase 
activity of the tumor in the two strains of 
mice studied. Of all the tissues investi- 
gated, with the exception of normal liver, 
the mammary tumors have the greatest ar- 
ginase activity. Indeed, the values of A for 
the two strains of mammary tumor are of 
the same order of magnitude as those for the 
livers of rats carrying transplanted hepatic 
tumor No. 31 (table 3). This is an unex- 
pected finding, and investigations are in 
progress to see whether other enzymes are 
present in such proportions in mammary 
tumors. 


Lymphatic and Blood-forming Tissues 


The arginase activity of the normal and 
tumor tissues here is uniformly low, but the 
activity of the tumors is relatively greater 
as compared with the normal control 
tissues. The differences are not so striking 
here as they are in the cases of the liver 
and of the normal mammary and tumor 


4 We thought it of interest to see whether milk con- 
tained arginase. Raw, fresh cow's milk was investi- 
gated, and the results were negative. However, the 
milk yielded 0.106 mg. of ammonia N per cubic centi- 
meter of milk derived from urea. 

The sera of normal rats and of rats carrying the 
Jensen sarcoma do not show the presence of arginase. 
On the other hand, whole rat blood contains a very small 
amount of arginase derived from the erythrocytes (5). In 
terms of the quantity (Q), described in table 1, the 
whole blood gives a value of about 2. The small 
amount of blood, sometimes present in a few of the 
tissues studied, contributes almost nothing to the arginase 
value of the tissues. 
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tissues, but reference to the data in table 1 
reveals that such differences are real. 
We may conclude, then, that the normal 
lymphatic tissues, like the normal mam- 
mary tissue, have a lower arginase activity 
than have the tumors derived from such 
tissues; on the other hand, the hepatic 
tumors uniformly have a much lower 
arginase activity than the normal liver 
tissue. No generalization, therefore, can 
cover all the cases studied. 


Miscellaneous Normal and Tumor Tissues 


Table 3 gives data on a relatively wide 
variety of tissues. The arginase activity 
is uniformly low compared with that of 
normal liver or mammary tumors. The 
lowest values are found in the case of brain 
and of spleen. The low value for arginase 
in the latter organ stands in marked con- 
trast with the very high values for catheptic 
activity in spleen. It seems likely that the 
distribution of enzymes may not be the 
same in various tissues. 

The values of g in table 3, which repre- 
sents the percentage of free ammonia plus 
urea nitrogen of the total tissue extract 
nitrogen, have an independent interest of 
their own. There is no obvious relation 
between the arginase activity of any one 
tissue and the amount of free ammonia 
and urea present in the tissue. The rather 
high proportion of these components in the 
embryo livers as compared with normal 
and with tumor livers is noteworthy. 
The greatest proportion of these compo- 
nents is found in normal mouse skin. 
There is no change whatever in the 
content of preformed urea in any of 
the tissue extracts during the times of 
incubation. 

Up to this point we have considered only 
the total extractable nitrogen in the tissue 
extracts and have based our calculations 
exclusively on the figures for this quantity. 
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It is possible that another method of calcu- 
lation, based on the amount of protein 
nitrogen in the extract, would have been 
preferable. In fact, we determined the 
amount of protein nitrogen in the extracts 
of livers and hepatic tumors, breast and 
mammary tumors, and the normal and 
neoplastic lymphatic tissues. The protein 
nitrogen was derived on the basis of the 
material precipitated by 5 percent tri- 
chloracetic acid. The values of total and 
of protein nitrogen for the first two kinds 
of tissues were not very different; the 
differences were only little greater than 
the ammonia plus urea nitrogen in the 
extracts. The differences in total and 
protein nitrogen were rather larger in the 
case of each of the third kind of tissues. 
Substitution of the values of the cube root 
of the protein nitrogen in equations 2 and 
3 gave values of Q very little different from 
those obtained on the basis of the total 
nitrogen. This is, of course, due to the 
fact that the relatively small differences 
between total and protein nitrogen are 
rendered even smaller when the cube root 
of each is taken. However, we rejected 
the use of the values for the protein 
nitrogen on the following grounds: These 
values are in reality a function of the con- 
centration of trichloracetic acid used, 
and of the relative concentration of protein 
in solution. Different concentrations of 
trichloracetic acid will yield different 
amounts of protein nitrogen. The two 
hundredfold dilution of an extract of liver 
will not yield, with the same concentration 
of trichloracetic acid, one two-hundredth of 
the original content of protein nitrogen. 
Changes’‘in the state of protein aggregation 
with dilution render the values of protein 
nitrogen rather questionable. On the 
other hand, values for the total extractable 
nitrogen are unequivocal and independent 
of dilution or any other known effect. 
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Tue PH Optimum or ARGINASE ACTIVITY 
IN NORMAL AND Tumor TIssvEs 


In every case, the arginase activities in 
tables 1-3 were determined at pH 8.0. 
The optimum pH for this enzyme in the 
normal liver tissue of various species is 
about 9.6 (6). Only one observation on 
the pH optimum of arginase in a tumor is 
available in the literature. Edlbacher, 
Kraus, and Leuthardt (6) have reported 
that the arginase of Ehrlich mouse car- 
cinoma tissue has an optimum activity in 
air at pH 7. These workers furthermore 
claim that this optimum is shifted to pH 
9.2 under anaerobic conditions. We have 
investigated the arginase activity as a 
function of the pH for a number of tumors 
and normal control tissues in order to see 
whether the differences which we found 
might not be due to considerable differ- 
ences in the pH optima of these tissues. 

The determinations were conducted, as 
they have been throughout, under aerobic 
conditions.’ The pH of the various tissue 
extracts were adjusted with solutions of 
acetic acid and of sodium hydroxide of 
varying strength. Before the addition of 
urease, the reaction mixtures were adjusted 
to pH 6.5. The determination of the pH 
was performed with a glass electrode. 
The data are given in table 4. 

The data in table 4 suggest that the 
optimal pH range for the arginase of the 
various tissues studied occurs at 9 to 10. 
The differences shown, for example, by the 
liver and hepatic tumor tissues at extreme 
PH values are relatively unimportant and 
may well be due to the fact that the total 
protein concentrations were considerably 
different in the two extracts. We may 
conclude that there is no significant differ- 
ence between the arginase activity of the 
tumors and the normal control tissues as a 
function of the pH. 


s The reaction tubes are always tightly stoppered 
during the incubation period. 


TABLE 4.—Arginase activity as a function of the pH 


(The time of incubation for arginase was 2 hours! 


Total N 


in extract pH — 


ysis 


Tissue 


Mg. per 

ce. Percent 
3.7 8 
5.4 8 
Livers of I mice carrying } 6.3 62 
transplanted hepatic tu- 0.025 
5.4 79 
9.5 Ys 
10.9 92 
12.1 16 
3.9 0 
5.1 29 
6.3 54 
Transplanted hepatic tu- \ 2.0 7.5 58 
mors in I mice 8.5 69 
9.5 76 
10.3 63 
11.9 0 
4.6 5 
5.8 11 
6.2 20 

Lactating mouse breast . 59 80 = 
8.8 48 
9.5 52 
11.2 10 
4.3 0 
5.8 8 
6.4 35 
Mammary tumor in C57 X ) 140 7.4 52 
A mice. 8.3 70 
9.2 92 
10.2 66 
11.9 0 
4.0 0 
5.0 4 
6.0 7 
Normal mouse lymph nodes 1.96 
9.1 40 
10.2 13 
11.5 3 
4.1 0 
5.2 4 
6.0 24 
Mouse lymphoma Y103 1. 96 
9.1 65 
10.0 33 
11.2 2 
4.0 0 
5.0 0 
6.2 18 
Mouse lymphoma 72942. 2.0 8. 
9.1 71 
10.1 59 
11.0 30 


Activiry WitHout ADDED 
ACTIVATOR 


In the study of the effect of varying the 
amount of extractable nitrogen while all 
the other factors remained constant (table 
1), one must consider not only the chang- 
ing ratio of substrate to extractable 


nitrogen but also the changing ratio of 


— 
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added manganese activator to the latter 
quantity. Is the possible effect of the 
added activator a contributing factor to 
the differences in arginase activity found 
between tumors and the normal control 
tissues? We investigated normal rat liver 
and the transplanted rat hepatic tumor No. 
31 under closely comparable conditions 
with and without added manganese. 
Moreover, we dialyzed separately extracts 
of the livers of I mice and of the trans- 
planted hepatic tumors in I mice. The 
dialysis was conducted for 3 weeks in the 
cold room at 5° C. against frequently 
changed distilled water. At the end of this 
period, the activity of the respective dialy- 
sates were investigated in the presence and 
in the absence of added manganese. The 
time of incubation in each case was 2 
hours. The results are given in table 5. 


Taste 5.—The effect of added manganese on the 
arginase activity of tissue extracts 


Hydrolysis 


0.05 ec. of 
Total 0.05ce. 0.2 per- 
inextract water cent Mn 
added sulfate ! 
per cc. of added per 
extract ec. of 
extract 


Tissue 


Mg. per 
ee. Percent Percent 
2.10 85 | 

96 97 
42 101 
Normal rat liver a -21 95 95 
.10 89 92 
05 76 77 
. 025 458 55 
. 012 36 40 
2. 48 26 31 
.49 20 20 
Transplanted hepatic tumor -25 16 17 
No. 31—fourth passage. 125 10 12 
062 0 0 
031 0 0 
Dialysate of extract of strain 
I mice livers. 26 8 13 
Dialysate of extract of trans- | . 68 0 0 
planted hepatic tumor of 34 0 0 
strain I mice. i] 17 0 0 


' 0.1 percent Mn sulfate used for the dialysates. 


It is evident that the addition of man- 
ganese sulfate has a very slight activating 
effect upon the normal rat liver arginase 
in dilute solutions of the extract and upon 


the arginase of the hepatic tumor. It is 
quite likely that the extract of each tissue 
has orginally an adequate amount of 
natural activator derived from the tissue 
so that addition of manganese produces 
a relatively small effect. In any event, 
it is significant in the case of normal liver 
extract that the increase of arginase activ- 
ity with dilution followed by a decrease 
on further dilution occurs in the absence of 
added manganese. 

During the dialysis of the mouse liver 
and hepatic tumor extracts, not only were 
the natural concomitants of the arginase 
presumably removed (77), but the extracts 
also underwent extensive autolysis. The 
values for the liver arginase in the dialysate 
studied were quite low (table 5). On 
treatment with manganese the activity 
was increased. The arginase of the trans- 
planted mouse hepatic tumor was ap- 
parently completely destroyed during the 
dialysis procedure. 


dl-HOMOARGININE AS A SUBSTRATE FOR 
ARGINASE 


The range of substrates containing the 
guanidine group which are attacked by 
arginase has been discussed by Hellerman 
and coworkers (8, 9). It has been reported 
by one of us that racemic homoarginine 
(dl-epsilon guanido alpha amino-n-caproic 
acid) was not observably hydrolyzed by 
normal liver arginase (7/8). The period 
of incubation was 30 minutes. Some of the 
original preparation of homoarginine sul- 
fate was available, and it was considered 
to be of interest to reinvestigate its use 
as a substrate for the arginase of normal 
and of tumor tissues, using considerably 
longer periods of incubation. Any con- 
siderable differences between the arginase 
of the two types of tissues might be 
expected to be reflected in the behavior 
of this substance as a substrate. The 
reaction mixtures were prepared in the 
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same way as before; the homoarginine 
sulfate solution was 0.40 percent. One 
cubic centimeter of the solution of 
substrate was employed in the tests, 
and on the basis of a complete asym- 
metric hydrolysis 0.224 mg. of ammonia 
nitrogen would be obtained. In order 
to see whether any part of the ammonia 
nitrogen found after hydrolysis was de- 
rived from the possible action of d-amino 
acid oxidase on the substrate, the usual 
blanks on (1) tissue extract plus water and 
(2) tissue extract plus homoarginine were 
performed. The values found for (1) and 
(2) were again practically identical. The 
results of the action of the tissue extracts 
on homoarginine are given in table 6. 
For comparison, the hydrolysis of arginine 
by the tissues under the same conditions 
is also given in the table. 


Taste 6.—dl-Homoarginine as a substrate for arginase 


{Time of incubation was 4 hours. Calculations are based on 
asymmetric hydrolysis of homoarginine] 


Hydrol- ,,.. 
Total | ysis of 
Tissue Nin OMO- | 
extract = nine 
Mg. N 
perce. Percent Percent 
Livers of I mice carrying trans- 3.70 9 100 
planted hepatic tumors. 
Transplanted hepatic tumors of 3.15 1 90 
I mice. 
Livers of C3H mice carrying trans- 5. 25 9 90 
planted hepatic tumor. 
Transplanted hepatic tumors of 4. 65 0 st 
C3H mice. 
Normal rat liver.............---. 4.20 12 98 
Liver of rat carrying transplanted 
hepatic tumor No. 82—first pas- 
sage 5.50 27 89 
Transplanted rat hepatic tumor 
No. 82—first 2. 62 86 
Liver of rat carrying transplanted } 
hepatic tumor No. 31—third 
passage : 3.45 15 77 
Transplanted rat hepatic tumor | 
No. 31—third passage mea 3.14 0 53 
Lactating mouse breast __- 2.96 0 77 
Mouse mammary tumor C57X A. 3. 22 0 83 
Normal! mouse lymph nodes 1.98 0 45 
Mouse lymphoma Y 103 3. 36 0 M 


The homoarginine is attacked at a very 
much slower rate by arginase than is 
arginine. The amount of homoarginine 
hydrolyzed is proportional to the arginase 


activity of the tissue. Thus, liver tissue 
hydrolyzes homoarginine to some extent, 
whereas all the other tissues studied show 
no effect under the conditions employed. 
The experiments with homoarginine are, 
therefore, a rough confirmation of the 
results for the distribution of arginase for 
various tissues when arginine was used as 
substrate (tables 1 and 2). 


SUMMARY AND CONCLUSIONS 


1. The activity of arginase in the tumors 
of three different kinds of tissues as com- 
pared with their respective normal con- 
trols was estimated. The tumors in- 
cluded (1) transplanted hepatic tumors of 
rats and two strains of mice, (2) spon- 
taneous mammary tumors of two strains 
of mice, and (3) lymphomas of mice. For 
normal controls there were used, respec- 
tively, regenerating livers and the livers 
of the tumor-bearing and normal animals, 
lactating and hyperplastic mammary tissue 
induced by stilbestrol, and lymph nodes 
and bone marrow. The arginase activity 
of rabbit embryonic liver was also com- 
pared with that of the livers of pregnant 
and nonpregnant female rabbits. In ad- 
dition, the arginase activity was determined 
of a wide variety of normal and miscel- 
laneous tumor tissues for which no normal 
control tissues are known. 

2. The relative activity of each tissue 
was estimated (1) by varying the amount 
of extractable nitrogen in the extract 
solutions used while the substrate concen- 
tration and all other factors remained 
constant, and (2) by studying the reaction 
velocity of the enzyme at one value of the 
extractable nitrogen. The latter study 
revealed that the arginase in all of the 
tissues studied follows a monomolecular 
reaction. The comparison of the enzy- 
matic activity was made possible by the 
discovery of an empirical relation between 
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the activity as expressed by percent hydroly- 
sis of arginine and the cube root of the 
value for the total nitrogen per cubic 
centimeter of extract solution. This rela- 
tion was found to describe the data ob- 
tained over the entire range of concentra- 
tions studied for all of the tissues save 
normal liver and the spontaneous mam- 
mary tumors. Only in very dilute solu- 
tions of the extracts of the latter two kinds 
of tissues did this relation hold. These 
had the greatest arginase activity of all the 
tissues studied. The writers have tenta- 
tively interpreted the failure of the expo- 
nential relation to hold in concentrated 
solutions to an aggregation of proteins 
with saturation of some of the active centers 
of the enzyme. 

3. The relative activity of each tissue 
was expressed in two ways: (1) By deter- 
mining the average value of the ratio of per- 
cent hydrolysis to the cube root of total 
extractable nitrogen per cubic centimeter 
of extract over a series of varying values 
of the latter; and (2) by determining the 
monomolecular reaction constant and 
dividing this constant by the cube root of 
the total extractable nitrogen per cubic 
centimeter. Both methods yielded nearly 
parallel results. 

4. The results on the pairs of tumor and 
normal control tissues indicate that (1) 
the arginase activity of the transplanted 
hepatic tumors and of the embryonic 
liver is very much less than that of normal 
liver, (2) there is no apparent effect of the 
transplant on the liver arginase of the same 
animal except in the case of a particularly 
rapidly growing hepatic tumor in rats, (3) 
regenerating and normal adult livers have 
the same activity, (4) the arginase activity 
of the spontaneous mammary tumors is 
very much greater, that of the lymphomas 
only slightly greater than that of the respec- 
tive normal control tissues, (5) the activity 


of the same tissue from different strains is 
practically identical, (6) the activity of 
normal lactating and stilbestrol-induced 
hyperplastic mammary tissues is very 
nearly the same, (7) the pH optimum of 
arginase is the same for the tumors and 
controls, (8) the relative activity of hepatic 
tumor and liver is not significantly affected 
by the presence or absence of added man- 
ganese, (9) prolonged dialysis, however, 
of normal liver leads to a preparation 
which is strongly activated by manganese 
whereas prolonged dialysis of hepatic 
tumor extract results in apparently com- 
plete loss in enzyme activity, and (10) 
racemic homoarginine is hydrolyzed to a 
small extent by normal liver extract, not 
at all under the same conditions by 
extracts of hepatic or mammary tumor. 

5. Most of the miscellaneous normal 
and tumor tissues studied yielded rela- 
tively low values for arginase activity as 
compared with that of normal liver and 
spontaneous mammary tumors, but were 
of the same order of magnitude as the 
hepatic tumors and lymphomas. The 
lowest values were found in bone marrow, 
brain, and spleen. 

6. The values of preformed urea nitro- 
gen in the tissue extracts ranged mostly 
from 1 to 3 percent of the total extractable 
nitrogen. The largest value was for that 
found in the skin. There is no apparent 
relation between the content of preformed 
urea in the tissue and the activity or 
arginase in the tissue. 

7. This study was designed as a partial 
characterization of, and comparison be- 
tween certain tumors and normal control 
tissues. Until more data are available 
concerning other enzyme systems in these 
tissues, we are reluctant at the present 
time to discuss the relation of our findings 
to the physiology of normal and neoplastic 
tissues. 
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Induction Of Tumors In Guinea Pigs 
With Subcutaneously Injected 
Methylcholanthrene 


By Micuaer B. SHIMKIN, assistant surgeon, and G. BurrouGHs Miner, research fellow, 
National Cancer Institute, National Institute of Health, United States Public Health Service 


Most experimental cancer research has 
been confined to mice and rats. The 
extension of the work to other species, 
undoubtedly desirable for the wider appli- 
cation of the information, has been limited 
for several reasons: the difficulty of main- 
taining larger animals in the Jaboratory, 
the lack of genetically homogenous stocks, 
and the purported resistance of the animais 
to the induction of experimental tumors. 

The National Cancer Institute was 
fortunate in securing, in 1940, guinea pigs 
of three highly inbred strains from Dr. 
Orson N. Eaton, of the Beltsville Experi- 
ment Station of the United States Depart- 
ment of Agriculture.!. The history of the 
development of these strains (or “‘families”) 
has been recorded by Wright (7), Wright 
and Eaton (2), and McPhee and Eaton 
(3). Practically complete homozygosis was 
reached in 1915, and the differentiated 
characteristics have been persistent (2). 
Differentiation has been most obvious in 
the fixation of such characteristics as coat 
color and tendency toward polydactylism 
and toward the production of particular 
types of monsters (7, 2). There has been 
also considerable fixation in the size at 
birth, at weaning, and at maturity, in 
differential mortality, and in the degree 
of fertility as manifest by the size and 
frequency of litters (/-3). The families 
also show differences in the shape of the 
spleen (4), the length of the front legs (5), 
and in the distribution of cell types in the 


1 With the approval of Dr. John R. Mohler, Chief 
of the Bureau of Animal Industry. 


pituitary (6), and in certain physiologic 
reactions, such as the response to inocula- 
tion with tuberculosis bacilli (7, 8), pro- 
duction of antibodies (9), and the survival 
of tissue transplants (/0). 

Relatively few spontaneous malignant 
neoplasms have been described in guinea 
pigs (77, 72, 713). Leader (72) in 1937 was 
able to assemble only 21 such tumors from 
the literature. No neoplasms have been 
observed in 15,000 guinea pigs of families 
2, 13, and 35, or in other guinea pigs 
born and observed for as long as 5 years 
at Beltsville between 1916 and 1937.? 

The early work on the experimental 
production of malignant neoplasms in 
guinea pigs was reviewed in 1931 by Maury 
(77), and more recently by Warren and 
Gates (73). 

There are only four reports on the suc- 
cessful production of malignant tumors 
in guinea pigs following administrations 
of carcinogenic polycyclic aromatic hydro- 
carbons. Haagensen and Krehbiel (74) 
in 1936 induced liposarcomas and fibrosar- 
comas in 5 of 13 guinea pigs in 10 to 13 
months after the subcutaneous injection 
of 3,4-benzpyrene dissolved in lard. 
Shear (75) mentions that subcutancous 
tumors were obtained in two guinea pigs 
14 and 20 months after the implantation 
of a cholesterol pellet containing 5 percent 
of 3,4-benzypyrene. Schabad (/6) pro- 
duced a fibrosarcoma and a liposarcoma 
in 2 of 7 animals, 19 and 22 months after 
the subcutaneous administration of 25 


2 Eaton, O. N.: Personal communication (1940). 
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to 48 mg. of 1,2,5,6-dibenzanthracene 
in sunflower-seed oil. Warren and Gates 
(73) obtained 2 fibrosarcomas and 2 lipo- 
sarcomas in 32 guinea pigs which survived 
more than 11 months after a single subcu- 
taneous injection of 5 mg. of 3.4-benzpy- 
rene in 0.5 cc. of glycerin; the average 
induction time of these tumors was 16 
months. Metastases. to the lungs, are 
described in only one instance, that of 
Schabad’s liposarcoma (76). 

The impression from the literature, 
therefore, is that although neoplasms can 
be induced in guinea pigs following injec- 
tions of carcinogenic hydrocarbons, the 
low incidence and the long latent period 
of tumor induction classify the guinea pig 
among the animals which are relatively 
resistant to carcinogenesis with these 
agents. 


EXPERIMENTAL PROCEDURE 


Twenty-nine guinea pigs of families 2, 
13, and 35, of both sexes and of various 
ages, were injected in the right axilla with 
20-methylcholanthrene (m. p. 178.5°- 
179.2° C., corrected) dissolved in sesame 
oil, 10 mg. per cubic centimeter, on Jan- 
uary 15, 1940. Half of the animals re- 
ceived a single dose of 20 mg., and half 
were injected in the same area four times 
at fortnightly intervals with 10 mg., or a 
total dose of 40 mg. of the compound. 
Six additional inbred guinea pigs were 
given a single subcutaneous injection of 
20 mg. of methylcholanthrene on March 
8, 1940. 

On May 8, 1940, 10 stock guinea pigs of 
unknown genetic constitution were added 
to the series. These animals were injected 
once in the right axilla with 30 mg. of 
methylcholanthrene dissolved in 3 cc. of 
sesame oil. 

The animals were maintained on a diet 
of rabbit pellets* daily, oats and hay three 
~& Maritime Mfg. Co., Buffalo, N. Y. 


times a week, and cabbage and carrots 
three times a week; water was available 
at all times. They were weighed every 
2 weeks for the first 6 months of the experi- 
ment, and were examined weekly for the 
presence of tumor at the site of injection. 

Two inbred guinea pigs and two stock 
animals died of pneumonia, and one stock 
guinea pig died of fibrinous pericarditis 
within 4 weeks after the experimental 
procedure. These animals are not in- 
cluded in the results. Forty guinea pigs 
are considered here: 10 were of family 2, 
13 of family 13, 10 of family 35, and 7 were 
stock animals. Individual data of the 
experiment are presented in tables 1 and 2. 

Material for histologic examination was 
fixed in Zenker’s fluid and in solution of 
formaldehyde (U. S. P., 1:10). Tissues 
that contained bone were decalcified in a 
solution of lactic and nitric acid. Some 
tissues were frozen and stained with sudan 
IV. The remainder were imbedded in 
paraffin, cut, and stained with haematoxy- 
lin and eosin, Mallory’s phosphotungstic 
acid haematoxylin, van Gieson’s stain, and 
Foot’s silver stain for reticulum. 


RESULTS 


The action of methylchoianthrene, given 
subcutaneously in single 20-mg. doses or in 
four 10-mg. doses to guinea pigs, can be 
divided into (1) the general toxic effects 
and (2) the local carcinogenic effect. 


GENERAL Toxic EFFecis 
Reaction in family 2 guinea pigs 


All four of the guinea pigs of family 2 
which received the larger dose of methyl- 
cholanthrene died 11 to 15 weeks after 
the initial administration of the hydro- 
carbon. The syndrome was similar in all 
four: massive ascites, atrophy of the spleen, 
and hemorrhage in the liver. One guinea 
pig had hemorrhage in the adrenals and 
atrophy of the testes (table 1). 
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Tasie 1.—Effect of methylcholanthrene in guinea pigs of family 2 
rat Methyl- | Death | Hemor- | 
| Weight 4 Atro- | Hemor- | Hemor- | Atro- 
Guinea pig No. Sex | Age at in- — Fwd — Ascites | phy of | rhage in | rhage in | phy of 
jection injected | tion | liver spleen | adrenal | kidney | testes 
Months | Grams Mg. Weeks 
M | 67 740 140 | 12) + 
3 M | 3.0 539 140 | + 
4 M | 2.8 505 140 ll + + 
5_- Mi 16 357 | 20 
M | 16 355 20); + + + 
! In 4 fortnightly injections of 10 mg. 
TABLE 2.—Individual data on guinea pigs 
| Subeu- Killed 
Weight| ‘aneous Weight | Bone Pul- 
Age Methyl Weight 3 tumor jor died, | and/or mon- | Trans- 
Sex Cholan-| at in- | months weeks | tumor carti- | ary planta- 
threne jection | after in-| | efter in- | lage in | metas-| tion 
3 jection after in- | jection | death tumor | tases | 
~ jection 
Mos.| Mg. Grams Grams Grams | 
7...| 2| M| 355) 495|.......... 19 
2; M 2.0 20 450 698 22 38 100 Fibrosarcoma.-- + 
2 F 2.0 20 340 529 28 38 
ll 13 M 8.0 240 965 925 | 18 | 23 | | ae AE 
12 13 M 8.1 | 40 1, 000 874 24 | 28 | 7 AS CR SS ee 
13 13 M 8.0. 40 830 739 | 22 | 26 | 10 SESS 
14 13 M 8.1 40 970 932 18 | 31 65 do are 
15 13 M 8.1 40 87 938 18 | 28 44 ‘ do ees a 
17 13. 6.1 20 «1,068 1,102 24 | 34 225 | 
18 13 M 7.0 20 975 1, 005 © 18 27 | 75 : ag 
13| M| 72 20; 745) 795 4 | 150 \ + 
20... 13 M 7.5 20) 948 | 
21 13| F 1.4 20 265 | 617 | 30 | 48 180 | 
2.| 13] F | 36 375 | 562 | 33 --- \ + 
23 13 F 1.4 20 280 (3) 
24 35 | M | 13.0 240 991 929 29 38 65 | Fibrosarcoma.. 
25 35 M 5.7 40 700 675 18 28 eS Or + 
26. - 35 F 13.0 40 827 774 22 2 65 do SS + 
M 6.7 40 809 692 18 30 33 | 
35) M | 19) 20) 727 | 32| 38| 22 + 
30 35| M | 5.0 710) 7 
20 | 403 | 608 | 18 | 34 37 | Fibrosarcoma_____- 
33... 35, 5.7 20 7 798 19 | 37 100 Fibrosarcoma. + 
34. Stock, F | 5.6 30, 873905 28 30 | 
Stock M | 5-6 30 972 927 ----| Fibrosarcoma. ----- + 
Stock, M | 56| 30 7/919 + 
7.. Stock, M 5-6 30 1,001 892 26 32 66 | Liposarcoma. - : 
38. Stock) F | 56 30| 878 9 40 
39 Stock F if 30 644 771 2B 32 100 Liposarcoma. 
40_. Stock M 5-6 30 


! Numbered tumors represent multiple separate tumors; 


2 In fortnightly doses of 10 mg. 
3 Alive, without tumor, 52 weeks after injection. 
‘ Alive, with tumor, 40 weeks after injection. 


Two of six family 2 guinea pigs injected 
with 20 mg. of the carcinogen died in 11 to 
15 weeks. Both had atrophy of the spleen 


tumors in braces represent histologically mixed tumors. 


and hemorrhage in the liver, and one had 
ascites, hemorrhage in one kidney, and 
testicular atrophy (table 1). 
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A description of the clinical course and 
the pathologic tindings of guinea pig No. 1 
is characteristic of the reaction of the 
family 2 guinea pigs to methvlcholan- 
threne. About 11 weeks after the first 
injection of methylcholanthrene the guinea 
pig appeared ill and lost weight. During 
the following 2 weeks it became emaciated 
and the abdomen became distended. 
Clear straw-colored fluid which con- 
tained rare lymphocytes and 1 percent 
of protein was obtained by abdominal 
paracentesis. The animal died 2 weeks 
later. 

At necropsy, the abdominal cavity con- 
tained over 200 cc. of clear, reddish 
fluid. The liver was not enlarged. It was 
firm, granular, brown-red, with depressed 
gray or black subcapsular areas, varying 
from a few millimeters to 1 cm. in dia- 
meter. These areas were soft and ex- 
tended into the substance of the liver. 
The spleen was small, measuring 3X 1.2 
0.6 em., red, rubbery, and the markings 
were obscured. 

Histologic sections of the liver revealed 
that the hepatic cells near the portal 
areas were coarsely granular and hyper- 
trophic, while those around the central 
areas were vacuolated. The portal spaces 
were larger than usual and the number of 
bile ducts and the amount of portal con- 
nective tissue were increased. Focal ex- 
travasations of blood obliterated entire 
lobules in some areas. No evidences of 
thrombosis or inflammatory reaction were 
seen (pl. 1, A). 

The spleen was reduced to a network of 
large vascular channels among which 
few small follicles were seen. Phagocy- 
tosed pigment was abundant and the tra- 
beculae were prominent (pl. 1, B). 

This syndrome, characterized chiefly by 
ascites, hemorrhage, and 
splenic atrophy, was not seen in any gui- 
nea pigs of families 13 and 35, or in the 


intrahepatic 


stock animals. Neither was the syndrome 
observed in four guinea pigs of family 2 
which survived the injection of 20 mg. 
of methylcholanthrene. Fatty change in 
the liver was encountered frequently in 
guinea pigs of all families, but the acute 
reaction was limited to the animals of 
family 2. 

This syndrome was apparently the same 
as described by Schabad and Urinson (/7) 
in 15 of 18 stock guinea pigs within 2 to 
11 months after the subcutaneous or 
intraperitoneal injection of 25 to 48 mg. of 
i, 2, 5, 6-dibenzanthracene dissolved in 
sunflower-seed oil. Haagensen and Kreh- 
biel (74) did not menticen a similar effect 
following the administration of 3, 4- 
benzpyrene. That the reaction does not 
develop with the latter compound is also 
suggested by Polson’s work (75) with 
rabbits, in which 1, 2, 5, 6-dibenzanthra- 
cene produced hepatic necrosis whereas 
benzpyrere did not. 


Effect on weight 


The deleterious effect of methylcholan- 
threne given in four doses of 10 mg. each 
was shown by observations on the weights 
of guinea pigs of families 13 and 35. The 
effect was obscured in the animals of 
family 2 by the presence of ascites, and 
this group was not considered. Every 
guinea pig of families 13 and 35 which 
received this dose of the hydrocarbon lost 
weight during the ensuing 3 or 4 months. 
Otherwise the general condition appeared 
good. After 4 months the animals appar- 
ently began to regain weight, although 
this was obscured by the appearance of 
tumors. 

Guinea pigs of families 13 and 35 which 
received 20 mg. of the hydrocarbon in one 
injection continued to gain weight nor- 
mally, as compared with the weights on 
normal animals of these families compiled 
by McPhee and Eaton (3). 


q * 


711 


OF TUMORS IN GUINEA PIGS 


INDUCTION 


PLATE 1 


15 weeks after subcutaneous injection of methylcholanthrene, 
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No. 1 


guinea pig 


2, 
showing extravasated blood 


A, Liver of family 


Haema- 


The sinusoids are distended and the follicles 


and focal areas of fatty infiltration. 


? 


distended blood vessels. 


toxylin and eosin, < 60; B, Spleen from same animal. 


Haematoxylin and eosin, < 60. 


are atrophic. 


ed 


| 


712 JOURNAL OF THE NATIONAL CANCER INSTITUTE 


T | T T T | T 


IN GRAMS 


© 
Metrylcholanthrene Tumors 


WEIGHT CHANGE, 
T 


2 3 4 s 6 


Time IN MONTHS 
Figure 1.—Effect of methylcholanthrene on 
weight of guinea pigs. Solid line: 20 mg. in one 
injection. Average of eight animals, Nos. 16-20, 
30, 32, 33 (table 2). Broken line: 40 mg. in 
four injections of 10 mg. each. Average of nine 
animals, Nos. 11-15, 24-27 (table 2). 


Figure 1 summarizes the effect of methyl- 
cholanthrene on the body weight of guinea 
pigs. Only adult guinea pigs weighing 700 
to 1,000 gm. were included. 

This effect on weight may have been due 
in some measure to the cumulative action 
of the compound given in four injections. 
Young guinea pigs of families 13 and 35, 
weighing 265 to 400 gm., continued to gain 
weight normally after a single injection of 
20 mg., or an equivalent of 40 mg. given 
to the older animals if the total dose and 
the dose per body weight are considered. 

There was no definite effect on weight 
in the stock animals injected with 30 mg. 
of methylcholanthrene. In 3 months, 
three of the seven guinea pigs had lost 
weight and four had gained. 


No determinations of the food intake 
were made. Whether the effect on weight 
was due to loss of appetite or to some 
other action of the injected chemical, 
therefore, is not known. 


LocaL CARCINOGENESIS 


About 16 weeks after the first injection 
of methylcholanthrene, 10 of 34 guinea 
pigs which survived had thickening of the 
subcutaneous tissue at the site of injection. 
Two weeks later, 7 of these animals had 
definite hard masses which were circum- 
scribed and fairly movable and which con- 
tinued to increase in size. 

During the following 7 months, 29 of 34 
guinea pigs developed tumors at the site 
of injections, as summarized in tables 2 
and 3. In 7 instances two separate and 
discrete masses arose at the same time. 
The multiple tumors were not attributable 
to multiple injections of methylcholan- 
threne, since only one of the seven arose in 
animals which received more than one 
injection. The relatively large amount of 
solvent (2 to 4 cc.) probably permitted the 
contact of the carcinogen with a wide area 
of tissue. 

Biopsy of three masses was performed 22 
weeks after injection. The tumors were 
found to be fibrosarcomas (Nos. 11, 18, 
and 30, table 2). 

The growth rate of the tumors varied 
widely. One tumor (No. 25) attained a 


Tasie 3.—Induction of tumors in guinea pigs injected subcutaneously with methylcholanthrene in sesame oil 


Tumors, in weeks after injection } | 


Type of tumor! 


Methyl- 


cholan- 

¥ threne 18 2 22 | | 26 | 28 

Ma. Number 

2 20 4 1 1 
13 20 s| 11. 
35 240 5 2 i 


Aver- 
Total age 


tumors latent Fibro- Lipo- 
30 32 | time sar- | for- 
coma coma ination 

Number’ Weeks 

2 1 6 27.2 5 4 1 
5 21.4 5 1 | 1 
4 27.0 5 1 1 
6 27.5 6 3 2 


! 9 guinea pigs had more than 1 tumor. 


2 Injected in 4 fortnightly doses of 10 mg. 
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weight of 12 gm. during 10 weeks of obser- 
vation, whereas another histologically simi- 
lar tumor (No. 17) reached 225 gm. during 
the same period. Once a tumor was pal- 
pable it grew progressively. No regression 
occurred, although several tumors became 
softer due to central necrosis. In the 
larger fibrosarcomas there was considera- 
ble central necrosis, and upon section 
liquefied tissue and serosanguinous fluid 
often exuded. In four animals with large 
tumors there was ulceration and bleeding. 

No evident differences in the suscepti- 
bility to local carcinogenesis with methyl- 
cholanthrene were demonstrable in the 
guinea pigs of the inbred families, and the 
stock heterozygous guinea pigs were as 
susceptible as the inbred animals (table 3). 
Although the high doses of the carcinogen 
may have obscured the influence of the 
strain differences, the close agreement in 
the latent periods of the palpable tumors 
in the groups at the dose levels used, per- 
mits the tentative conclusion that the three 
strains are approximately equal in sus- 
ceptibility to subcutaneous carcinogenesis 
with this agent. 

Comparable male and female guinea pigs 
developed tumors at the same average 
latent time of 25.5 weeks. Six young 
guinea pigs, up to 2 months of age, devel- 
oped tumors 24.8 weeks after injection, 
whereas six older animals, about 6 months 
old, which received the same dose of 
methylcholanthrene, had tumors in an 
average of 24.3 weeks. 

The combined incidence and _ latent 
period data of this series can be used in 
comparing the susceptibility of the subcutis 
of the guinea pig to other carcinogenic 
hydrocarbons, as reported in the literature 
(13, 14, 16). Table 4 shows that the relative 
carcinogenic potency of 20-methylcholan- 
threne, 3, 4-benzpyrene and 1, 2, 5, 6- 
dibenzanthracene in guinea pigs is the 
same as in mice and in rats (79), but that 

200067-—41——9 


guinea pigs are more resistant to the in- 
duction of subcutaneous neoplasms with 
these agents. 


DescripTION or TUMORS 

The tumors that arose at the site of in- 
jection of methylcholanthrene were of two 
general types: fibrosarcoma or liposar- 
coma. Of the 38 tumors that appeared, 
considering 9 instances of mixed or of 
multiple tumors as separate neoplasms, 29 
were fibrosarcomas and 9 were liposar- 
comas. Of the liposarcomas, 4 occurred 
in guinea pigs of family 13, and 2 in ani- 
mals of family 35. There was some indi- 
cation that liposarcomas appeared later 
than the fibrosarcomas, since the average 
latent period for 9 liposarcomas was 28.4 
weeks, whereas a comparable group of 8 
fibrosarcomas became palpable 22.7 weeks 
after injection. 


Fibrosarcomas 

The fibrosarcomas were gray-white, 
spheroidal, circumscribed, subcutaneous 
masses. They were usually fixed to the 
overlying skin but could be enucleated 
from the deeper tissues which frequently 
appeared edematous. Small tumors were 
hard. The cut surface was gray and 
fibrous. Larger fibrosarcomas ulcerated 
through the skin, were elastic in con- 
sistency, and contained a necrotic core 
surrounded by a rim of firm, gray, fibrous 
tissue (pl. 2). 


TaBLe 4.—Response of guinea pigs to subcutaneously 
injected carcinogenic hydrocarbons 


| Aver- 


| Guin- 
Hydrocarbon Dose, Solvent es | mors 
pigs 
time 
| 
| Mg. | No. No. | Mos 
20 - Methylcholan- | 40 | Sesame oil 10; 5.0 
threne. | 
30 7 6.5 
do 17| 13] 65 
3,4-Benzpyrene (1 4) 35 | 13 11.5 
De. (19)......-. 5 Glycerin_- 32 16.0 
1,2,5,6 - Dibenzan- | 25-48 Sunflower- 7 2) 20.5 


thracene (14). seed oil. 
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A, Cut surface of large axillary fibrosarcoma with extensive necrosis, Guinea pig No. 17, family 13; 
B, Lung of guinea pig No. 17, showing pulmonary metastases 3; C Cut surface of axillary 


fibrosarcoma. Guinea pig No. 31, family 35. 
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The cell population varied widely within 
each neoplasm. The majority of the cells 
resembled atypical fibroblasts with fibrillar 
processes and elongated nuclei. They 
varied in size and were frequently arranged 
in compact interlacing bundles or broad 
sheets. Fibroglia, appearing as fine, in- 
tracellular purple fibrils, were seen in 
many of the neoplastic cells when stained 
with Mallory’s phosphotungstic acid haem- 
atoxylin. Collagen, as demonstrated by 
van Gieson’s and Mallory’s phosphotung- 
stic acid haematoxylin stains, was moder- 
ately abundant in these areas. Mitotic 
figures and tumor giant cells were seen. 
Some regions contained short, broad, 
spindle-shaped cells mixed with round or 
irregular forms. These had a moderate 
amount of acidophilic cytoplasm, hyper- 
chromatic nuclei, no processes, and showed 
no characteristic structural arrangement. 
Collagen was rarely demonstrated among 
them, but mitotic figures and tumor giant 
cells were numerous. Hyalinized collagen, 
inflammatory reaction, hemorrhage,edema, 
and necrosis were seen in some tumors. 
The blood vessels were usually represented 
by channels in the neoplastic tissue lined 
by a single layer of endothelium (pl. 3.) 

The fibrosarcomas infiltrated contiguous 
tissues. Three of them metastasized to the 
lungs where they reproduced the structure 
seen in the more undifferentiated parts of 
the parent tumor. 


Liposarcomas 


Most of the liposarcomas were soft, 
yellow, encapsulated, subcutaneous masses. 
Large ones were fluctuant. On incising 
the capsule semisolid material which could 
not be grasped with forceps exuded from 
some. Others were firmer and contained 
some fibrous tissue. Macroscopic necrosis 
was rarely seen. 

Some variation in histologic structure 
existed among the liposarcomas. The 


cells formed broad sheets in the periph- 
eral parts of the tumors, but the central 
portions appeared loosely constructed and 
edematous. Small foci of necrosis were 
seen occasionally. The cells were gener- 
ally ovoid or polygonal and varied in 
size. The pale acidophilic cytoplasm 
usually contained one or more vacuoles 
which stained red with sudan IV. The 
nuclei were granular. Some cells con- 
sisted of a large fat vacuole surrounded 
by a thin rim of cytoplasm containing a 
flattened nucleus. They resembled ‘“sig- 
net ring” cells when stained with haema- 
toxylin and eosin. One neoplasm (No. 
16, pl. 4, D) had a large area of closely 
packed, small, ovoid cells with granular 
nuclei. Many of these cells contained 
minute, red, cytoplasmic vacuoles when 
stained with sudan IV, although no 
vacuolation was detected in preparations 
stained with haematoxylin and _ eosin. 
Other sections from the same tumor were 
composed of sheets of coarsely vacuolated 
cells. 

Mitotic figures and tumor giant cells 
were present in all of the liposarcomas. 
The capsules were formed by dense 
fibrous tissue (pl. 4). 

One liposarcoma metastasized to the 
lungs. The metastases appeared as gray, 
circumscribed, subpleural nodules whick, 
on histologic examination, were made up of 
closely packed polygonal cells with round 
nuclei and finely vacuolated cytoplasm. 

The frequent occurrence of liposarcomas 
in guinea pigs injected with carcinogenic 
hydrocarbons was recorded by previous 
investigators. Of 14 tumors in 11 guinea 
pigs studied by Haagensen and Krehbiel 
(14), Schabad (/6), and Warren and 
Gates (/3) 7 were liposarcomas. As 
Haagensen and Krehbiel stated, subcu- 
taneous injection in guinea pigs must 
deposit the hydrocarbon in a thick panni- 
culus of fat which the guinea pig possesses. 


1 

x 


716 JOURNAL OF THE NATIONAL CANCER INSTITUTE 


A, Fibrosarcoma from guinea pig No. 8, family 2._ The cells resemble atypical fibroblasts and form 
interlacing bundles. Haematoxylin and eosin, 260; B, Another area from the same tumor, showing 
less differentiation than in (A). Haematoxylin and eosin, 260; C, Pleomorphic area from tumor 
in guinea pig No. 19, family 13. Cells vary greatly in size, shape, and staining characteristics. 
Haematoxylin and eosin, 260; D, Area of hyalinized collagen in fibrosarcoma of guinea pig No. 17, 
family 13. Haematoxylin and eosin, < 260. 
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PLATE 4 


A, Liposarcoma in guinea pig No. 22, family 13, showing highly cellular character of growth and well- 


Haematoxylin and eosin, < 80; B, Higher magnification of same tumor, showing 


defined capsule. 


Mixed fibrosarcoma and lipo- 


> 


Haematoxylin and eosin 


‘“‘signet-ring’’ and giant cells. Haematoxylin and eosin, X 260; 


260; D, Area of undifferen- 


x 


sarcoma, in guinea pig No. 19, family 13. 


tiated tissue in liposarcoma in guinea pig No. 16, family 13. Haematoxylin and cosin, 260. 
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Neoplasms containing bone or cartilage 

Five guinea pigs developed bone or 
cartilage in the tumors. The average 
latent period of these tumors was 27.8 
weeks. 

Guinea pig No. 19: A fusiform mass, 8.5 
cm. long and 3.5 cm. in greatest diameter, 
weighing 120 gm., grew in the foreleg 
and eroded a small area of the shaft of the 
humerus. It was firm and elastic in con- 
sistency and had a yellow-gray, glistening, 
cut surface. An area adjacent to the 
erosion in the humerus appeared lighter 
and more fibrous than the surrounding 
tissue. It contained an irregular, chalky 
white, calcified nodule which looked like 
an area of calcified fat necrosis. 

Areas of liposarcoma, fibrosarcoma, and 
a mixture of both were seen on histologic 
examination. Some regions of the neo- 
plasm appeared edematous. They con- 
tained small foci of atypical fat cells sur- 
rounded by spindle-shaped or stellate cells 
with long fibrillar processes that stained 
red with van Gieson’s stain and Mallory’s 
phosphotungstic acid haematoxylin. 

The calcified nodule contained cartilage 
and bone. It was surrounded by fibro- 
sarcoma. The cartilage cells were ovoid, 
had abundant acidophilic cytoplasm, ec- 
centrically placed nuclei, and lay in 
lacunar spaces within a hyaline matrix. 
The cells were most numerous near tiie 
edges of the chondroid masses. In some 
areas the cartilage lay next to bone without 
any intervening fibrous tissue. No evi- 
dence of endochondral ossification was 
found. 

Cellular tissue formed a thick zone at the 
edge of the cartilage. It contained atypi- 


cal chondroblasts, spindle cells, and tumor 
giant cells. A tendency to whorl forma- 
tion was noted. Mitotic figures were 
numerous in this area but were seen rarely 
in other parts of the calcified nodule. 

The bone consisted of closely packed 


spicules with little interosseus tissue. ‘lhe 
larger spicules contained bone cells. Many 
were surrounded by a single layer of 
hyperchromatic pyramidal or flattened 
cells that looked like osteoblasts. A few 
multinucleated cells resembling osteoclasts 
were also seen. Large, thin-walled blood 
vessels were present among the bony 
spicules. An area of necrosis was seen in 
the center of the osseous tissue. It was not 
associated with an inflammatory reaction. 
Another histologic section taken near the 
eroded area of the humerus showed calci- 
fied osteoid tissue. Peripheral parts of this 
tissue contained edematous sheets of 
spindle-shaped cells. The central portion 
of the section contained irregular deposits 
of calcium surrounded by round or polyg- 
onal cells imbedded in a dense, acid- 
ophilic fibro-hyaline matrix. The calcified 
foci contained no bone cells, osteoblasts, or 
osteoclasts. A zone of pleomorphic cells 
varying greatly in size lay between the 
peripheral and central portions of the 
sections. Bizarre nuclei were seen in many 
of these cells. Mitotic figures were not 
numerous. Very few blood vessels were 
present (pl. 5). 

This neoplasm metastasized to the 
lungs. The metastases were circum- 
scribed masses of polygonal cells with 
finely vacuolated cytoplasm. No evidence 
of cartilage or bone was found in the 
pulmonary metastases. 

Guinea Pig No. 36: This animal had two 
axillary masses. The larger of these 
weighed 40 gm. and measured 5.63.8 
4.4 cm. It was coarsely granular, cir- 
cumscribed, and hard. The white fibrous 
cut surface was divided into lobules by 
dense trabeculae. This neoplasm, a fibro- 
sarcoma, was composed of long spindle- 
shaped cells with fibrillar processes. They 
were arranged in interlacing bundles, 
loosely constructed edematous sheets, and 
in compact masses associated with dense, 
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A, Area containing bone and cartilage in tumor of guinea pig No. 19, family 13. Haematoxylin and 
eosin, < 80; B, Higher magnification of the same tumor, showing spicules of bone and cartilage cells. 
Mallory’s phosphotungstic acid haematoxylin, < 260. 
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collagenous, intercellular substance. Small 
foci of more undifferentiated cells were also 
seen. Mitotic figures and tumor giant 
cells were present. The neoplastic tissue 
invaded skeletal muscle. 

The smaller mass lay between the fibro- 
sarcoma and the thoracic wall. It was 
enucleated readily from the surrounding 
tissue. The tumor was smoothly outlined, 
gray, and stony hard. The cut surface 
was pitted and granular. This neoplasm 
contained numerous masses of imperfectly 
formed cartilage imbedded in fibrosar- 
coma. The cartilage cells varied greatly 
in size and shape. Some of them resem- 
bled chondrocytes; some had large, oval. 
granular nuclei with scanty cytoplasm; 
some were triangular in shape; and some 
were multinucleated. Most of the cells 
lay in well-defined lacunae, but the char- 
acter of the matrix varied from homo- 
genous hyaline substance to scanty gran- 
ular or fibrillar material. Lacunar spaces 
containing two cells were seen frequently. 
Mitotic figures were rarely found among 
the cartilage cells. The perichondrial 
tissue contained closely packed, short, 
spindle-shaped, and large, ovoid cells 
among which numerous mitotic figures 
were seen. Giant cells of the foreign body 
type were found in a few areas. In one 
field the cartilage appeared to be partially 
calcified and a few small bony spicules 
were seen (pl. 6). 

A section of the lung from this guinea 
pig contained small circumscribed, com- 
pact, intravascular masses of moderately 
large ovoid or polygonal cells with well- 
defined cell membranes. These probably 
represented tumor metastases. 

Guinea pig No. 24: A circumscribed firm 
axillary mass weighed 65 gm. and meas- 
ured 4.4%4.4%5.5 cm. The cut surface 
was white and fibrous. The central por- 
tion was necrotic. A calcified nodule was 
seen in the periphery of the tumor beneath 


the subcutaneous tissue at least 4 cm. from 
the nearest bone. 

Much of the neoplasm was composed of 
loosely constructed sheets and interlacing 
bundles of atypical spindle-shaped cells 
with long fibrillar processes. Hyalinized 
collagen and necrosis were present. Mitot- 
ic figures and tumor giant cells were seen. 
The calcified nodule was made up of 
small, dense, acidophilic spicules. Some 
of them were surrounded by deeply stain- 
ing, small, pyramidal, or cuboidal cells 
resembling osteoblasts. No bone cells or 
osteoclasts were seen. The area appeared 
to be more vascular than the rest of the 
neoplasm. Some of the blood vessels 
had thick, edematous walls. Two small 
foci of necrosis were present in the nodule, 
but they were not associated with inflam- 
matory reaction. The neoplastic tissue 
adjacent to the area of bony spicules was 
osteoid. The cells were small, pleomor- 
phic, and had pale cytoplasm with irregu- 
lar, granular nuclei. They lay in a thin 
fibrillar network. Occasional spicules 
of bone were seen. Few mitotic figures 
and no giant cells were found in these 
regions. No cartilage was seen in any 
sections of the tumor that were studied 
(fig. 2). 

Guinea pig No. 29: The fourth neoplasm 
associated with bone formation was a 
small, soft, subcutaneous, yellow liposar- 
coma of the axilla. No macroscopic cal- 
cification was present. A minute area 
containing regular spicules of well-formed 
bone imbedded in fibrosarcomz was seen 
on histologic examination. The osseous 
focus lay at the periphery of the liposar- 
coma and was separated from it by a fibrous 
capsule. No cartilage was present. The 
bony spicules were surrounded by cells 
that resembled osteoblasts. The interos- 
seous tissue was composed of stellate and 
spindle-shaped cells. No mitotic figures 
or iumor giant cells were encountered. 
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A, Area of atypical cartilage and spindle cells in stock guinea pig tumor No. 36. Haematoxylin and 
eosin, < 80; B, Area of atypical hyaline cartilage from the same tumor, showing marked variation in 


cell size. Haematoxylin and eosin, < 260. 
299° 67—41——_10 
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Ficure 2.—Area of in fibrosarcoma. 


Guinea pig No. 24, family 35. Mallory’s phos- 


photungstic acid haematoxylin, 260. 


Guinea pig No. 35: The fifth guinea pig 
which developed a calcified mass is still 
alive. Biopsy at 37 weeks after injection 
showed the mass to be partly a fibrosar- 
coma. Serial roentgenograms demon- 
strated an extraskeletal area of increased 
density consistent with calcification. The 
area is growing progressively. 

The nature of the bone, cartilage, and 
osteoid tissue in these neoplasms is debat- 
able. Many of the morphologic char- 
acteristics of the calcified area of the tumor 
from guinea pig No. 19 suggest true osteo- 
genic sarcoma. Support for this conten- 
tion is afforded by the erosion of the hu- 
merus adjacent to the osteogenic tissue. 
None of the other neoplasms invaded bone 
although many of them lay close to the 
pectoral girdle or the ribs. The cartilage 
seen in the tumor of guinea pig No. 36 
also also appeared neoplastic, yet the chondral 
masses were completely surrounded by 


fibrosarcoma and showed no _ invasive 
qualities. The bone spicules found in the 
two remaining neoplasms appeared well 
formed and regular. They resembled the 
spicules seen in callus or in membranous 
bone formation rather than the tumor bone 
of osteogenic sarcoma. 

Mesenchymal neoplasms containing 
bone and cartilage have been described 
in man, dogs, rats, and mice. Hetero- 
tropic bone may be formed by metamor- 
phosis of adult collagenous tissue. Recent 
work on the subject by Binkley and Stew- 
art (20) and by Allen (27) stresses the 
importance of dense hyalinized collagen 
as a matrix for calcium inpregnation. 
Circulatory stasis, trauma, stress, strain, 
necrosis, and inflammatory reaction have 
been thought to play some role in the 
transformation of collagen to bone. The 
bone in the guinea-pig tumors was sur- 
rounded by fibrosarcoma in which rela- 
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tively adult, collagen-forming cells pre- 
dominated. An osteoid tissue containing 
collagen fibrils or collagenous matrix 
sometimes intervened between the atypi- 
cal, neoplastic fibroblasts and the bone 
spicules. In general the bone forming 
areas suggested “parts left behind in the 
course of active growth” (20) in contrast 
with the proliferating fibrosarcoma. Ho- 
mogenized collagen and edema were seen 
frequently in fibrosarcomas whether or not 
they contained bone. The _ osteogenic 
areas appeared less vascular than the sur- 
rounding tissue in most cases. The tumor 
from guinea pig No. 19, however, con- 
tained large, thin-walled blood vessels 
among the bone spicules. Neither hemor- 
rhage nor inflammatory reaction were 
seen in any of the bone-forming regions 
or contiguous areas. Simple necrosis of 
the center of the calcific nodule was pre- 
sent in two neoplasms. No evidence of 
necrosis was found in the peripheral part 
of the bone-forming area or in the adjacent 
tumor. 

Whether cartilage may be formed by 
intramembranous chondrification is dis- 
puted. Allen (27) favored this mechanism. 
Binkley and Stewart (20) believed that the 
morphologic changes observed in ossifving 
neoplasms did not explain the structure of 
cartilage-containing mixed tumors. Our 
observations do not clarify the problem. 
The highly cellular areas interposed be- 
tween cartilage and fibrosarcoma in the 
tumor from guinea pig No. 19 suggested 
a transitional zone of chondroblastic 
cells. The neoplasm from guinea pig 
No. 36 contained large amounts of carti- 
lage that lay next to atypical fibroblasts 
without any evidence of a transitional 
zone. 

Bone and cartilage formation in guinea- 
pig tumors may afford an opportunity for 
investigating the mechanism of hetero- 


tropic bone and cartilage formation in 


neoplasms. Further studies of this phe- 
nomenon are now in progress. 


METASTASES 


Metastases, confined to the lungs, were 
observed in four guinea pigs. In three 
instances the metastases were derived 
from a fibrosarcoma, and in one the 
growths were secondary to a liposarcoma. 

Many of the animals were killed early, 
and family 35 guinea pigs, which are 
particularly susceptible to pneumonia, 
often died while the tumor was of rela- 
tively small size. It is probable that the 
incidence of metastases would have been 
higher had all the animals been kept until 
natural death. No metastases were en- 
countered in 10 guinea pigs whose tumors 
weighed less than 40 gm.; however, in 6 
animals the tumor weighed over 100 gm., 
and no metastases were present. Although 
the average survival after the appearance 
of a palpable tumor in 4 animals with 
metastases was 11 weeks, 1 had pulmonary 
metastases only 5 weeks after the detection 
of a tumor at the site of injection (No. 36). 
The average survival of guinea pigs which 
did not have metastases was about 8 
weeks, but 5 lived for over 12 weeks. 


TRANSPLANTATION 


Seven tumors that arose in inbred guinea 
pigs were transplanted into the subcuta- 
neous tissue of animals of the same family 
as the host of the original tumor. 

Four fibrosarcomas were transplanted by 
the trocar technique, in which a small solid 
piece of tumor tissue was used. Of these, 
two grew successfully (Nos. 15 and 26), al- 
though the latter began to grow 14 weeks 
after transplantation. One tumor (No. 25) 
appeared 17 weeks after inoculation in one 
guinea pig out of the three into which it 
was introduced. The fourth tumor (No. 
30) failed to grow in three animals of 
family 35. 
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Three tumors, two fibrosarcomas and one 
liposarcoma, were transplanted by the 
mash technique, in which about 0.3 cc. of 
mashed tumor was injected through a 
needle. Of these, two (No. 9 and the 
liposarcoma of No. 22) grew within 4 
weeks. The third tumor (No. 8) grew in 
one out of three guinea pigs of family 2 into 
which it was injected. 

Four of the above tumors which grew in 
animals of the same family as the host of 
the original tumor were transplanted also 
into guinea pigs of other families. No 
growth was observed in 26 weeks. The 
liposarcoma (No. 22) was transplanted in 
the second passage into nine stock guinea 
pigs and grew in two of them. 


SUMMARY 


Forty guinea pigs, of inbred families 2, 
13, and 35, and stock guinea pigs, were in- 
jected subcutaneously with 20 to 40 mg. of 
20-methylcholanthrene dissolved in sesame 
oil. 


Thirty-four animals survived over 18 
weeks, and 29 developed tumors at the site 
of injection. The tumors became palpable 
in 18 to 40 weeks, or in an average of 25 
wecks after injection. Seven guinea pigs 
developed 2 separate subcutaneous tumors, 
and in 2 the tumors were of a mixed type. 

Of the 38 tumors in 29 guinea pigs, 29 
were fibrosarcomas, and 9 were liposar- 
comas; 5 tumors contained bone or carti- 
lage. Four tumors metastasized to the 
lungs, and 6 of 7 tumors were trans- 
planted into guinea pigs of the same family 
as that in which the tumor arose. 

There were no strain differences in sus- 
ceptibility, under the conditions of the 
experiment, except that family 2 guinea 
pigs developed ascites and hepatic and 
splenic lesions following injection of 40 
mg. of methylcholanthrene; in families 13 
and 35 there was significant weight loss 
with this dose of the hydrocarbon. 


Acknowledgment is made of the technical 
assistance of Mr. Walter F. Gately. 
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